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INTRODUCT'ION

The methods used to determine ghe shimmy characteristics for o landing gear
in the design stage of an airplane can vary from a simple rigid bLire repre-
sentation to a detalled nonlinear representation including variations in tire
characteristics as a funchlion of fluid pressure, and variation in strut
friction us u function of geur load und strul stroking velocity., Testing
varies from running over a two by four placed on the runway for the purpose
of execitin, the nose genr in a shimmy mode to dynamomenter testing wsing u

feedbuck control oscillatory drive system to exclte the gear at varilous
controlled torsional freguencles and amplitudes, The labtter test technique

provides dati for determining shimmy margins under test conditlons used to
gimuilate gear degradution with age. There nre varlous analytical and test
techiiques whose capnbllities lie between the uf'orementioned extremes.

liven though penrs have performed sutisfactorily ewarly in theilr service life,
some huve become chronic shilmmlers as they uge. This chunge is usunlly
attributed to weur in the geur which cuuses an inecrewuse in backlosh. Tnase
much w8 most shimmy evuluation techniques do not provide g mesns of assess-
ing margineg, and sdequute eshimdtes of the degradation of gear parumeters
affecting shimmy may not be mnde, u clear understunding of the susceptlbll-

Lty of gears to shimmy 1s not establilshed,

Therefore, the performance of an ldeal shimmy suppression system should not
be affected by the gesr awglng process, Some of the parumeters thot cun

change during operatlon from the vnlues orlginally expected lnclude:

o Becklush incrense from weur of torque arm abbachments,

truwnions, steering collar, and steerlng actuantor linkuges.

o Increase In damper fluld air entrapment.




Gy o Reduction in strut bearing friction caused by reduced nose gear
loud ettributed to mn aft ghift in operational center=ofw-gravity
"  | position,

o Chenge in tire stiffness characteristics to asccommodate airplane

growth and/or changes in the operationai"center-ofagravity posi=
tion.

’f g':'r Unless ndequate asllowance is made for these parameter changes, which may not

be practical in the development of a passive damper, eventually shimmy may
ogceur,

| The nature of active control syﬁﬁems is such ‘that they may be independent

of some of the aforementioned parameter changes and it may be practical to

P o provide means of adjusting the system to accommodate the more permanent para~

' meter chunges. Accordingly, while an active antishimmny system may yleld a
more complex gear, the potential for providing shimmy fre. operations through-
out the lifetime of the alrpli.ne makes Jevelopment and evaluation of such a

system qulte sttractive,

In order to ussess the practiculity and performance potential of active

; shimmy conwrol, the present reseurch program was initiated. The objective

i of thig program is to develop o breadboard version of an uactive shimmy control
' gystem for the T=37 nose gear. ‘Thls particuvlar gear was chosen because of
its leong history of shimmy problems in service. The program is conducted in
four phuases. Phuse I consists of obtuining a T=37 nose gear from the Air
Force Flight Dynamics Laborstory (AFFDL) und measuring certain gear charact-
eristics pertinent to shimmy behavior. During Phase 1I, an analytical model
of an actlive shimmy control system l1s developed, and analyses are performed
to determine a specific control scheme, In Phase ITI, a breadbourd version
of the control system is desipned and bullt. The landing gear 1s ulso in=
gtrumented for shimmy testing. During Phase IV, the active shimmy control
system is tested on the 192 inch dynamomenter at AFMIDL's Landing Gear Test
Fueility.
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ANATYTICAL MODEL DESCRIPTION

General

Both the paaaive and actlive nose gear shimmy models are incorporated into
one Continuous System Modeling Program (CQMP) digital computer program
utilizing computer graphics displaey and interactive operation. The T~37
nose landing gedr ig modeled as a multiple lumped mass system with four
torsional degrees -of freedom (aboutwthe"aﬁrut axis) and mné lateral degree
of freedom with a Von Schlippe tire model (Reference 1). The active 1
shimmy control system utilizes axle torsional ncceleration feedbuck signels

to control the stearing actuator disﬁlacament. Flgure 1 shows a

, . drawing of the T-37 nose geanr with the essentisl mechanlcal elements identi-
 "3f“ fied. When the axle rotates ebout the strut axis, the wheel fork trensmits
QT-~_ this motlon vie the torque arms to the bottom' of the outer cylinder, 'The
o outer cylinder rotates inside the trunnion yoke, which attaches to the air
plane at the trunnlons, The top of the outer cylinder la attached to the
steering actuator housing (cylinder) while the‘steering actuator piston is
attached to the trunnion yoke.

Torelonal Degrees of Freedom

The analytical model for the torsional degrees of freedom is showm in
Figure 2, The unsprung mass ITH 1s connected to the ground via the tire

(described later) and is connected to the outer cylinder ITHL through the

torque arms of stiffness KTH with buacklush DI, Plston-outer cylinder

friction CP damps motlon across the torgue arm backlush DIH and stiffness KTH.
The outer cylinder ITH1 is connected to the actuator housing IAL with spring KQC,
representing the stifiness of the outer cylinder, in series with hucklash
DAL,febresenting the deadband at the actuator housing to outer cylinder con-
nection, Frictlon CF 1s the friction between the outer cylinder and the
trunnion yoke in which 1t rotates. The trunnion yoke 1s connected to the

fuseloge., ITH2 reprerents local fuselage structure which is connected to
the "rigld" airplane through the fuselage stiffness KF, DTF is a linear
damper representing fuselsoge structural damping.
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CA is the steering actuator frilction. BH, BL and KALP,shown in Figure 2,
are used only for the passive system. BH and BL are hydraulic (velocity
squared) and linear shimmy damper constants, and KALP is the stiffness of
the hydraulic fluid column in the actuator. PFor the active system, the
force generated in the steering aofuator iq computed from a detailed servo-
valve/nctuator model shown only as a box in Figure 2. .In fhe active model,

- the feedback signal, after passing through a gain control circuit, is sent

to theracfuatorfwhich generates the steering actuator force FKAL. The active
aystem controls the actuator dioplaegmant ALT2 shown in Figure 2.

Lateral Degree of Freedom

e n R TS T

The analytical model for the lateral degrae of freedom 1s shown in ™gure 3.
Laterally, the gear is assumed to be a rigid "pendulum" rotating about s
fore-aft axis located H 4inches aobove the uxle centerline. This lateral
rotation 1s resisted by a lineer torsional spring KPH,representing combined
gear lateral flexibility endlocal fuselage flexibility., Acting in parallel
with KPH 1is a linear damper BPH representing the structural damping in the
gear and local fuselage structure., The torsional backlash DFH ls in series
with the spring and damper end deplets retationsl deadband from the lateral
platon-cylinder, cylinder-trunnion yoke, and trunnion-fuselage Jjoints, The
landing gear's lateral rotational inertia is TEH.

The axle centerline is located aft of the strut centerline by the mechanie
cal trail L. If the strut is inclined (forward at the bottom), then the
tire forces at the ground contact points are located aft of the uxle centerw
line by the geometric trail LG, The geometric trall is related to the roll-
ing roadius R und the strut inclination angle 8 by the relution

10 = R sing (1)

Also shown in Figure 3 nre the positive wign conventions (right hand rule
for rotations) for axle torsionul rotation TH, gear lateral rotation FiH,

b S ot o
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tire force und moment T and MP, geur moments FK anl FCP and airplane for-
werd velocity V. Gyroscopile and inertia coupling terms betwesn the lateral
and torsional modes through L are included in the mcdel. The coupled
dynamic equations of motion for the luteral end torsional degrases-of-freedom
ave shown below, In each equation, the second term represents inertia
coupling and the third term reproldntl gyroscopic coupling.,

IFR (PHDD) = M (L)(H) (THDD) ~ I -‘-é-mv +L {Fz-M(é)} ™ - BPH (FHD) + KPH(PH)

+ {W(H) - (R*R) ¥2} PR = (H¢R) FT (2)#
ITH (THDD) = M(L)(H) (RMDD) + I & PD + L(FD) = M + FCE + FK = O (3)#
Tire Model |

The tire lateral force and moment are calculated according to a dynamic

model developed by Von Schlippe (Reference 1). This employs the "stretched
string" rvepresentation for the tire equator, which takes on the deflected
shape shown in Figure 4, Pigure L rhows s view looking down on the tire conw
tact patch, with forward airplane motion to the right, 7 and % are the tire
equator lateral deflections at the forward and aft ends of the contact patch,
Referring to Figure 4, the tire force and moment are given simply by

FI = KT (2 + B) (4)

M m KM (Z = B) (5)

vhere KT w K luteral (6)
2

ana KM = ¥ Zmléonal (T)

K lateral and K torsional are the lateral and torsional tire stiffnesses,
while KT and KM are the corresponding input puremeters to the computer pro=-
gram. For this study, K lateral and K torsionnl ure determined by using
empirical equations from Reference (2).

The tire deflections 7 and 7 are determined from the tire equator coordi-
nates Y and ¥ and the location of the wheel center plane in terms of gear
motions PH and TH. ‘The following equations for 7 and ? can be derived by

inspection of Figure 4.
Z = Y - (HS-I-LG) TH ~ (H+ R) M (a)
2 + ¥ + (H$+L+10) ™ - (H+ R) PFH (9)

et d d d
*PAD = -a-g-—(mt,, PHDD = —— (FHD), THD = "&%‘(Tﬂ)’ THDD w =e (THD)

g
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The von Schlippe tire theory (Reference (1)) develops the kinematic con-
struint equutions for Y und ¥. ‘The detulls uvre nol presented here; however,

the resulting differential equatlons governing Y and ¥ are

(s6) X + ¥ = (50 + HS-L-10) TH + (H + R) PH (10)
and ¥ () wy (1 52 (11)

YD is the time derivutive of Y, Equutions (10) and (11) provide the tire model
with 1ts dynamic properties, i.e,, the effective tire stiffness and damping

vary with veloclity and ghimmy frequenvy. The yawed rolling relaxation length
80 and hulfetootprint length HS ure determined empirically from Reference (2),

Actlve System Model,

The actlve shimmy ~us+rol system for the T=37 nose gear consists of the
following major el -wm.ipe

(1) An electro=hydruulic ssmvovalve attuched to the existing
steering cylinder

() A torsionul nocelerometer mounted on the wheel fork to
measuie oxle torsionnl acceleratlon

(3) An electronic signul shaping nnd gain control network to
convert the uccelerometer output Into the desired feedw

buck sipnal for the servovalve,

Plure 5 shows u schemutle dlagram of the T-37 steering uctuutor. The
servovalve for the active system 18 connected to the existing steering
actuntor through a coupling manifold which connects directly to existing
ports in the steerinp cylinder., Flgure 5 shows where the coupling muni-
fold connects to the steering cylinder. TFor the purposes of breudbourd
system testing, the pussive dumpling orif'ices nre pluyged und the existing
spool vulve 1s fixed relativa to the nctuator housing. Nose gesr steering
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for the shimmy tests 1s nccomplished through electrical commands to the

active system.

The analyticel model for the servovalve and sveering actuator combination

is shown in Figure 6, In this model, the input ALT2C is the electrical
feedback control signal obtained from the signal shaping and gain control
network., The spool valve electrical input signal X1 ‘is the differeﬁce ba-
tween the control signel ALT2C and the ac@ual measured actustor position
response ALT2 (see Figure 2), The spool valve opening X2 is the :eiul£ of
X1 passing through a second order filter represonting tﬁe'lﬁodi valvi dyna«
mic response. 'The output of the servovalve is the fluild flow rate which

18 X9 1in Figure 6. 'This flow rate is proportional to the valve opening X2,
as modified by a valve opening amplitude limiter (X3).

Valve flow rate degradation with load pressure is modeled by the following
equation which is characteristic for the type of flow control servovalve be-

-ﬁ-é— “wg Pg=Pp (12)

Q is the output flow rate X9, X2 is the spool valve opening, Py is the sys-
tem supply pressure and 23 1is the load pressure, In Figure 6,p. 1s X% and
Pr, is X6, which is related directly to the actuabtor force FKAL. The flow
rate, due to piston motion, X10 (directly relasted to the actuator veloclty
ALT2D) is subtracted from the servo flow rate X9, yielding the load flow
rate Xll. This 18 the flow rate due to fluid compressibility, The inte-
gral of this term times a constant K3 ylelds the actuator force FKAL, which
physically feeds back into the system through K5 to yleld X6 which is the
load pressure Ppe The K6 inner feadback constant represents valve leakage.

ing used.

The net effect of this system is to control the displacement ALTZ2 in accore
dence with the input signel ALTZC, below the cutoff frequency of the actu~
ator model as controlled by K7, The "output" ALT2 is related to the input
command ALT2C by a 1st order filter whose time constant is determined by K7,
in addition to the 2nd order response of the servovalve (X2/X1).

12
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Congtants Kl through ¥Kf are chosen so as Lo nondimensionulize the uctuntor
model "internal" response vuriubles X through X11. Thus, u vulue of 1 for
X2 represents full scale spool valve travel, 1 for X% represents system
supply pressure pg end 1 for X9 represents the rated flow capacity of the

servovalve,

The analytical model for the actlve system feedback guln control and signnl
shaplng network 1s shown in Filgure 7. THDD is the caleculated axle torsional
acceleration (the second derivative of TH shown in TFigure 2)., This passes
through a second order fllter representing the dynamlc response of the tor-
sional accelerometer, yielding TIMDD (measured acceleration), A direct low
guin path through the constant CGLSMAL provides the primary feedback sighal
SMGN.  An additlonal nonlinear high galn path ylelding BIGGN ls provided.
This slpnal path hus a guin of GLBIG, which is typleully chosen 3=4 times
grenter thun GlsMAL, but 1lte output is of limited mugnitude., BIGIN and
OMGN are summed to provide the Teedbuck signul XC. The purpose of this
network 1s to provide high effective feedback guln on XC for low mugnltude
THMDD (when BIGGN dominates SMGN because GIBIG 18 much greuter thun G1SMAL),
and to yleld a low effective guin of G13MAL for larpge amplitude THMDD (when
the limiter on BIGGN diminishes its magnitude relutive to SMGN). The model
nlso provides for a filrst order filter on THMDD to reduce the signal noise
content, and a switch to completely remove the nnnlinear high guin path if
deslred (leaving only the linear feedback gain GLSMAL).

"The output XC from the guin control network i1s then elther used directly
for the input to the servovalve ng ALTOC (Jee Figure O), or mny be routed
through « flrast order leud-logy sipgnul shuping network whose output is then

ATTPCP.

A complete listing of the analytical model equations of motlon la contalned

in Appendix D.
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o PARAMETER DETERMINATION

General

Pacameter measu:: .ont tests were performed on the T=37 nose gear to

determine stiffnesses, inertias, frictions, backiashes and passlve shimmy

damper performence, Table 1 contains a definition of all the input pura-

meters of the analytical model, Table 2 1ists the parameter vaolues used in

the analyses, and indlcates the sources for the data. A dash in the "EXTEND-

FD" column means the paremeter value is the same as for the mid position, An (%) 4n
the column "DESIGN VAR" in Table 2 means that the parameter is a deslgn ;
) . variable for “he active control system. The values shown for these paraw- _ !
I .;-1‘, meters represent s baseline aoctive system design chosen from a numbexr of

' candidate designs. In particulur, it should be noted that the lead-lag

s b signal sheping network i1s not used in the baseline system. The dynemic

' characteristics of the servovslve and torsional accelerometer are taken

from catalogue data for offwthe=shelf hardware, The cslculations of actuator
constants K3, Kb, K5 and K6 utilize geometric data physlcally measured on

the nmetuator and gear, In addition, KL through K6 sll involve duta peculiar

to the particular servovalve chosen, specifically its rated flow and system

operating pressure,

i The following subsections present detalled discussions of ihe methods of

AR S

i measuring the physical gear parameters and the passlve steering actuator

performance.

T T T ST S R TR Sy At R T TG T e T

1. Labterzl and Torsional Stiffness - KPH, KTH und KOC

The nose gear asmsembly, including the drag strut, wos hung in the
| AFFDL=gupplied test fixture and suspended in a structural steel frume-
work as shown in Figures 8 and 9. The gear was londed both laterally
and in torsion by means of welghts on a cable passing over a pulley at
the side of the test framework (not shown in Figures 8 and 9). Dial
gages mounted to & vertical extension of the gear holding fixture were

used to measure deflections and rotations, The stiffness measursments
were made with « solld link replacing the steering actuatlor.
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TABLE 1 =~ INPUT

PARAMETER DEFINITION, ACTIVE SHIMMY MODEL

_BARAMETE UNITS DESORIPTION
K| IN~f/RAD Lateral rotational stiffness (= H° K lateral)
KTH IN= D Torsionel stiffness -~ uxle to bottom of. outer cyl.
KP. IN=#/RAD Torsionel stiffness - fumelage 1
Koc In=f/RAD Torslonal stiffness - bottom to top of outer cyl,
. KALFl  IN=#/RAD - Toreional stiffness - steering actuator
o wzmg]. INefesBECS ] lateral rotational inertia .
oo ITHP o INafreBECT Torsional inertia = Wheel,tive,fork,piston, %
‘ 2 torque arm
1 IN=jf=9EC Torsional inertia - Outer oylinder, % torque arm
TTHa] TN -81CE Torsiondl inertis - Fuselage
TAL IN=gtu SEC™ Torsional inertia - Steering actuator eylinder
I IN-#-E?CQ  Polar moment of inertia of wheel & tire
"M #-90C%/IN | Mase of yheel, tire & axle {usad w/mech.. trail for
) ~ inertia coupling) ' '
W # Total unsprung weight
CP1 IN=f Piston = eylinder friction ~ Coulomb
CP2 IN- /# Piston - cylinder friction per unit side load
Crl TNt Friction between outer cylinder & trunnion yoke -
Coulomd -
Cr2 IN=#/f Friction hetween outer cylinder & trunnion yoke per
unit side load
CA IN=# Coulomb friction in mtesring actuator
I RAD Backlash in torque arms (total freeplay = 2 DIH)
DAL RAD Backlauh)in steering actustor (total freeplay =
2 DAL
DPH RAD Lateral rotational backlash (total freeplay = 0P|
BH IN‘#/gﬁAD/UECL Passlve hydraulic damping in steering actuator
BL [IN-#/(RAD/SEC Passive viscous damping in steering actuntor
BF | IN-#/( RAD/SEC Viscous equivalent of fuselage structura) damping
in torsiom
BPH |IN-#/(BAD/SEC ) | Viscous danping of gear lateral rotational mode
GIBIG —— High gain for THID
0T SMAL — Low gain for THDD
THDDLM RAD/ gEC* Limit anpiitude of THDD for high gain
L IN Mechanical trail of axle aft of strut centerline
¢ IN Geometrie trall of tire contact patch center aft of]
gtrut centerline intersectic. with ground plane
H IN Helght of lateral rotation point of gear sbove axle]
VK KNOTS Airplane forwurd velocity
F2, i Verticnl loud on nose gear

17




TABLY 1. = INPUT PARAMETER DEFINITION, ACTIVE SHIMMY MODEL (CONT'D)
IE%HAMMPEE TN 73 DESCRIPITON
R IN Tire rolling radius
aa IN Tire relaxation length
HS IN Tire half footprint .length
KT #/IN ETire 1ateral stii‘fness)/
KM #/RAD Tire torsional stiffness)/2is
! SEC Time constunt for lead term In slgnal shaping network
P2 8KC Time congtant for lag term in signal shaping netwnrk
TAUPIL BEC Time ccnstant for filter on axle acceleration signal .
k. 1 Kl 1/RAD Servovalve constont converting input slgnal in radlans
- . to normalized valve spool position
. | Ke - Servovulve pressure galn
k- , K3 IN-LBS Pluld compressibillity constunt converting nondimensional
A N ol compresssed fluld volume to steering nctuantor moment
b Kh  KRAD/sEc) Uheering nctuator consbant relating actuator velocity ta
o e -1 nondimengionul flow rate
: w1 K5 (IN=T.BS) Steering nctuutor constmnt relnting actuator noment to
" co : -1 nondimensional load pressure
b P k6  IN-LBS) Steerdng actuutor normulized leskoge flow constoant
-4 ’ N K7 - Control loop negative feedback goln consbunt
”ﬂ “ K ZETAA - amplng ratio for sescond order model of ucceleromebet
4 N ' OMECIAL RAD/SHC Naturel frequency f'or second order model of uccelerometeg
B ZETAG - Damplng rutlo for second order model of servovalve
' OMEGA Y RAD/SHC Natural frequency for second order model of mervovalve




TABLE 2 - TYPUR PARAMEDRN VALUBG
GEAR POSITION CDATA SOURCE
PARAMETER | MID EXTENDED |-REF | ReP | CALAC
' " - - 2) -1 (3) | IESTS | DUSIGN VAR, |- NOTES
KPH 1.6386 | 1.k0316 N X '
KT . 112000 | 54000 - X
K J2k B} - X
KOC TTR70 - X
KALP 18000 - X
%" TPH C6oa7 | 839 X
I'I'H [] (38 - X
ITHL 03 - X
A IR . 3449 ~ X 1
S I 7L - X
... o M 039 - X
2 o W 20,3 - %
| . CcPL # e 1945 X
; ‘ CP2 19 - X
% ) CF1 6 - X
L. | CF2 SV - X
. cA 10,45 - X
¢ ' DT .00k | L0081 X
b DAL 00k - X
b PR ,00108 | .00148 X
g | Bil 0 X
| | BL. 186 - " '
' i BF 5246 - 3 A
, BFH 853 935 . 3 ]
i GLBIG 024 - X J
5 s GLEMAT, +006 - X k
& | THDDIM 40 - X ;
! | Pl 0 - X
N C P 0 - X
b : TAUFIL 0 - ¥




TABLE 2 ~ INFUT PARAMETER VALUES (CONT'Q)

F GEAR POSITION DATA SOURCE o
S B iy
L PARAMETER |  MID | EXTENDED | REF | REF | CALAC
ol (2) | (3) | TESTS | DESIGN VAR, | NOTES
Kl J11h - X E
i K2 33.3 - X '
b K3 2.62E6 - X
5 Kb 114 - X
XS 000412 - X
s K6 L, ORwb - X £
A ZETAA 7 - X 1
CU OMEGAA 8179.6 - X )
(S ZETAS 6 - X W
Pob OMEGAS 1000 - X 3
N L 48 - | X
o] H 36.875 40,5 X X
TR VK 0 - 100 - X
L rz 650 200 1 ox
R 6,96 Te5 X
e} 6.64%9 2.583 X
HY 3,131 1,961 X
Kr 203 225 X
KM 8L5 251 X
TABLE 2 Footnotes
5 1 Calculated from fuselage stiffness in Ref. (3) and assumed natural 3
: frequency of 30 Hz.
2 Value shown for passive system; IAL = 0,058 for active sysbem due .
to added welght of servovalve and manifold
3 Calculated using structural damping ratio of 4% : !
20 )
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X e Ghearing Actuntor stiffness - KAL

a ol The stecring actuutor pusslve stifthess KALP given i Table 2 wus
. obtnined from the Steering Actuntor Output Impedence tests described in
| the subgection of the same title.,’ The value shown represents the actuator
\i“ s stiffness under dynamic conditions with cavitation in the actuator.

L This is considered the most representative condition for shimmy.

.. ;ﬂﬁf" 3o luberal Kotutional Trertis = IPH . _

. The luteral rotatienul inertis was calculated by suspending the gear
@5_;14.;{ ussembly from a known torsion rod spring and measuring the undamped

) nuturnl frequency. The gear assembly (minus the drag strut) was sus-
pended with 4ts luteral plane horizontal und its center-of-gravity i
direatly under the torsionnl spring centerline. The c.g. locution was
mneusgured relative to the yoke und trunnion uxis,

- e  Torsionul Inertiy = ITH und TTHI
The inertiu of the rotating ussembly (less steering nctuutor) wus oule

s

culuted from i meusured undumped natural frequency and aspring rate with
j, the it suspended from u torsion rod spring with the steering :xis
' directly uider the torsion rod axis.

B S T e

g, Gteering Actuntor Tnertiu - IAIL

TS e

! The inertia wus ealenluted usilng o measured welght of the actuator
i .ssenbly less u culculated piston rod welght (net welght = 2,86 1b.) if
und ueling un effective lever urm from the steering uxls of .0 in,

Ge  Totul Unsprung Welght = W ¥

The penr assembly was disassembled and the components thut move verti=-
: cully were welghed, (The lower brues beuaring wus not ensily removuble :
3 , so 1ts welght wns culculated and subtracted from the totul measured,) g

7. Plston/Cylinder Friction = CP "
'The torsionul frictidn of the plaston ineide the outer c¢ylinder wus

mensured with the venr hunping 4n the test frume ns shown in Figure 9.




The scissor linkage was disconnected by removing the quick releuse pin,
A spring scale vas used to measure the force required ut the end of the
scissor arm (6.5 inch lever) to rotate the fork assembly. The outer ﬁ

c¢ylinder was restrained from turning by replacing the steering actnator
with a solid link, . a

The measurement was repeated at various side loads up to 115 1lb. by
hanging weights on a cable over a pulley at the side of the test frame=-
vorke The strut was in midposition. The friction increased nonlinearw
1y with increusing side loed, A plot was made and an average slope
utilized giving results within + 15%, with a side load between O and
120 1b.

8. OQuter Cylinder Friction - CF
The outer oylinder fristion was measured by removing the steering

actuotor ond centering springs and meecsuring the torque as above,
_ Slde load produced no detectable change in friction, Since the outer
f' cylinder rotutes on ball bearings within the trunnion yoke, this
friction 1s very small relative to the pilton/cylinder friction.

9., gSteering Actuator Friction = CA
The actuator friection about the steering uxis wus caleulated from the

. linear actuator frietion und the effective radius.

10, DBacklash in Steering System - DTH and DAL
The rotury backlush in the various components of the system wus

‘k; i mensured by mounting dial guges from the test fixture to measure
! deflection ut the end of a lever nrm {5.5 inch radius), attached to :
euch of the components, The relutive motion at each Jjoint wua 1
4 ' culeulated from the difference in dial guge reudings. 3
)

Included in the total steering actuutor bucklush (DAL) were two k
§! sour-:es of freeplay: (1) the backlush in the two pins attuching the




actuator, and (2) the backlash in the keyed connection between the
outer cylinder and the collar around it to which the steering actuator
is mounted,

11. Latersl Backlash at Wheel - DLAT

In addition to the torsional angular becklash as measured above, a
linear lateral backlash was measured at the wheel axle location. A
dlel gage was used to measurs positicn directly. The'vnlue shown in

+, Table 2 corresponds to the intersection of the linear load-deflection
curve with the deflection (X) axis.

-

12. Steering Actuator Damping Constants - BH and BL

The damping constants were cbitained from the Steering Actuator Output

Impedunce teats described in the subsection having the same title, The
rasults indicate that a linear damping constant represents the cbserved

results better than a hydraulic (velocity squared Jconstant.

13. Axle Trail - L
The strut fork positive trall was measured by aligning the steering
pivot axis vertically, measuring the horizontal position of the axle
relative to the test fixture, and then rotating the axle 180° sbout
the steering axis snd repeating the measurement,

Steering Actuator Output Impedance

The T=-37 nose landing gear steering ectuator was mounted in n test fixture
with an electro~hydraulic driving servo, as shown in Figure 10, The instru-
mentation recorder and supporting electronics for instrumentation and drive
ing servo loop closure are shown in Figure 11, Force and displacement sig-
nals for impedance measurements were routed to u central data system for
processing and pregentation,

The tests consisted of using the drive serw to genernte sine waves of
steering actuator output piston position at amplitude of + 0.05 inches and
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4+ 0415 in, over a f'requency range of 1 to 50 Hz. The steering actuator

spool vulve was fixed with respect to the actuator body, and the body was
mounted in the test fixture with a breacket having a spring rate of approxi-
mately 150,000 1b/in. The steering actuator was in the normal "power on"
aonfiguration, ) 7 ' BT

For each displuacement and drive frequency; position, derived rate, and

force data were obtained following'jianal stabllization, Typical results

at 1, 10 and 25 Hz. are shown in Figures 12 to 1. Tﬁe force and displace=
ment signals were further processed to obtéin fundamental sine wave compon-
ents and effective amplitude ratio and phase shift to produce the Bode plots
ghown in Figures 15 and 16, The dotted lines on these figures represent a
linear approximation to the amplitude ratic date. For thege approximate
curves, the break frequency is taken at the 45 degree phase lag point, and
the slope of the curve below the break frequency is 6 DB per octave,

The test data indlcntes that very little damping is available from the
gsteering actuator at frequencies above approximately 5 to 10 Hz., depsnding
upon amplitude, because at these frequencies the force approaches an in=
phase relationship with displucement, with magnitudes of 2000-5000 1b./in.
This low effective spring rate makes 1t impossible for the asctuator to sup~
port the internal orl!flice dumping, and the actustor impedance, therefore,
levels off, as u function of frequency, at the effective spring rate,

Cavitntion wus suspected us the cause of the low epring rute characteristic,
since the steering actuator does not have anti~cavitation valves, Becuuse
of the time delny in the formation of a stable flow through the orifice,
there 1s insufficient hydruulic fluild to rill the cavity creuted when the
plston 1s pushed uway from the fluld on one slde of the piston. The pres-
gure on that side instuntaneocuely drops to a sufficiently low pressure to
couse the uir dissolved in the fluid to come out of solution. Successive
cycles of piston motion result in more air coming out of solution until a
stabilized hydraulie fluid-air mixture ia achieved producing the low effec-
tive spring rate,
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To Investlgate the cavitatlon theory, a tranaient recording was made starting
at the initiation of oycling inputs at 10 Hz. to the steering actﬁator. The
result is showm in Pigure 17 vhich indicates a highqr initial impedance decay-
ing to the lower stabilized impedance, The teast Wan'then repeated-with the
steering actuator spool valve biased out of neutrgi:pouition t0 create a
quisscent load pressure and issociated damping drifice flow through the
spool valve, The time history for this test, startiﬁéfﬁith the initiation
of eycling inputs, is shown in Figure 18, 1In this case, the steb.lized im-.
pedance is higher (approximately 15,000 1b./in.), snd the cawitdtign theory
would indicate that the spool valve can now support a portion of the flow
requirement to prevent as complete a collapse of spring rate us that ob-
served when the spool valve was in neutral, B

Steering Actuator Input Response

The same test fixture and supporting electronics for the impedance tests
were used for the response tests. Spool valve input and actuator outpub
signals were routed to the Rye Canyon Central Data System for processing
and presentation,

The tests conaisted of using the drive servo to generate a sine wave of
steering actustor spool valve position with reapect to the metuator body
and measuring the actuator plston position with respect to the body, The
stearing actuutor was in the normal "power on" configuration and the output
load was negligible., For each test condition, spool valve input position,
and plston derived rate were obtalned. Sample time traces are shown in
Figures 19 and 20 for various test conditions.

Run 1 shows the asmall signal spool overlap region and indicates a deadband
of' approximstely 10.008 in, spool travel. Run L4 ghows the large signal
response characteristic in which a spool valve over=travel condition is
reached in one direction with the output rate decreasing to zero for in-
creasing spool valve travel, Run 3 shows an intermediate drive amplitude
with 0,19 in, peak-to=peak valve travel producing 20 in./sec. peaketowpesk
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piston rate., Note the gross non-linear gailn characteristics of the

piston rate response. Run 2 shows the response at a slightly reduced spool
valve travel of 0,17 in. peak~to-peak which produces only 4.6 in./lec. peuk=
to=peak piston rate, This wes the maximum spool velve amplitude at which a
reasonably linear response could be obtained.

Figure 21 shows a Bode plot of output plston rate with respect to input
velve position in the linear region of operation (0.16 in. peak-to-peak
spool valve travel)., The response ims well behaved with approximately 5 DB
attenuation and L5 degrees phase lag at 46 Hz,

The above teat daute indicates an extremely non-linear gain characteristic at
output rates above + 2.3 in/sec und u significent threshold characteristic.
Both effects are undoubtedly caused by the Jhaping of the spool valve flow
characteristic. The linear reglon of response corresponds to approximately
+ 87 deg./wec.  of gear rotutional rate or + 0,56 deg. (4Ol radians)

at 25 Hez.s Since the active shimmy controller must operate at larger rates
to be effective, and since closing the shimmy controller loop around an
extremely non-linear rate characteristics i1s not practical, it is coneluded
that the active shimmy controller cannot be implemented using a modulating
plston stage for driving the present actuutor spool valve.

The best alternative approach, without modifying the actuator spool valve,
nppears to be u configuration in which an electro~hydraulic velve is used
to directly port flow to the steering actuator plston in parallel wﬁth the

spool valve, Such an approach presents certain problems in synchronization,

hydraulic interaction with the spool vulve, vualve null off'sets, und fallure
modes, but 1s felt to be satisfuctory for investignting the potential for
active shimmy control in thio experimental program,
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\ .‘H ANALYTICAL RESULTS

® | General

e The types of feedback investigated for the control signal ALT2C all involve
S using some form of THD (uxle torsional velocity). The objective is to
[ control. the actuator displacement ALT? in phase with the axle velocity
T THD, resulting in actuator forces acting on the axle (via the outer cylinder
ond torque arms) which oppose THD motion. Of the aystems investiganted, the
R limpient was selected. It uses the overall actuator 100p as & pseudo= 3
‘ & '1,'.- integrutor of a control signal ALT2C that is Just the direct output THDLD j}
2 . (times o guin GL) from the mocelerometer, This results in the actuator

" L displacement ALT? being in phuse with axle velocity THD at frequencies well

gbove the cutoff frequency for the actuator loop., To achieve the desired 8
. l. - phase for ALT2 (in phase with THD, or lagging THDD by 90 degs), at a shimmy ';ﬂ
frequency of around 16 Hz, the actuator loop cutoff frequency is adjusted R
(via K7 in Pigure 6) to about 5 Hue With the loop set to 5 Hr und the sys-
tem operating ut 16 Hz, the loop oontributes 73 deg. of phase lag, and
‘ the uccelerometer and servovulve together add about 17 deg., giving the
1 desired 90 deg. lug of ALT relative to THDD, Theretore, at the shimmy fre=-
3 quency of 16 Hz the active system forces the actuntor displucement ANTS
to be In phuse with the uxle velocity THD.

e At lower operuting frequencies the uctuuntor displacement lags THDD by less than
’ : 90 deg., und ot higher frequencles by more thun 90 deg. Tha aystem will only
‘ be operating ut frequencles other than the &' .my frequency when it is

X driven by u cyclic dimturbunce such us wheel imbalance. For the T=37 nose
wheel and tire 1n the stutic position, the relationship between uirplune
veloclty and the resulting driving frequency from wheel imbalance is ]

£ = 046V (13)

where { 1s the driving frequency in Hz and V ie the ulrplune ground speed

in knnts. TI'rom the above squation it cuon be seen that un airplune ground {

g 5 speed runge of 10 to 100 knots results in wheel imbalance driving frequene
cies rrom h,6 to L6 Hz, or roughly 5 to 50 Hz. Since the amplitude of the i
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moment, due %o wheel imbalance, is proportional to the velocity squared,
veloaity inputs below 5 knots ure no problem with any reasonsble wheel im-

balance (less than 10 times the normal imbalance).

Tigure 22 shows & phase dingram for an active system tuned to 5 Hze The
vectors shown in the diagram ars rotating clockwise ot the system operating
frequency. The phase relationship between actuator displacements (Ar2)
and axle velocity THD are shown ot system response frequencies of 5, 16

end 50 He.

At 5 Hz the actuator displacement leads THD by UO degs, and at 50 Bz it lage

by 46 deg., while ALTZ2 is in phamse with THD «t 16 Hz, Therefors, tuning the system

for optimum performarnce at the shimmy frequency of 16 Hz (the system will
oscillate at this frequency if given an impulasive disturbance). results in
scoeptable performance over a broad spectrum of cyclical disturbance fras
quenciess The phase lags from the servovalve and accelerometer prevent
reducing the phase angle differences resulting from an operating frequency

range of 5 to 50 He.

This active system without any lead=lag signal shaping and with nonlinear
gain control constitutee the baseline active shimmy control system. The
results obtained with the leud=lng network are vary similar to those with
the baseline system. The purpose of the lead-lug system is to provide
feedback signal amplitude attenuation at high frequencies ( > 50 He), while
retaining the desired gain at lower frequencies (10-20 Hz) corresponding
to the shimmy response frequency. Although there appear to be only slight
benefits in system stability to be obtw ned from the lead-lag network, it
ia included in the breadbourd model to provide graater signal shuping flex-
ibility during shimmy testing of the system.
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Baseline Actlive-Pamgive System (omparisons

B Utilizing the passive/active system model and parameters delineated in the
,;{ e previous section, the performance of the baseline active system is compared
?1? L with that of the basiec passive gear. Two types of input disturbing funce
R tions are used to excite the gear. One is an initial torsional angular
velocity (THD)at the axle at time zero, No driving force is involved;
T the system dynamic equations are solved with an imposed initial condi= :
& |G tion on axle angular velocity. This type of excitation simulates the im- X
' pulsive type of driving force thut is used in most shimmy tests, where the ' jf
. force usually comes from an oir blast applied to the wheel rim. An initial jﬁ"
. condition of THD = § rad/sec is usged, 3

ij B The other type of excitation used is wheel imbalance. With a single wheel
S gear this would not tend to excite ahimmy motions if the imbalance were

- o symmetric about the wheel center plane., However, if' the imbalance corres-
ponds to w weight located at the wheel rim on one slde only, the result is

a sinusoidal driving moment both in toksion (TH) end lateral bending (FH),
the two belng G0 deg. out of phase. The magnitude of the driving force i

: proportional to the imbalance and varles with the square of airplane forward .
ﬁ' ' velocity (or wheel angular velocity). A vheel imbalance about the axis of 1J
vhuel rotation of 10 inwmoz 1s used, assuming all this imbalance is due to i
one weight located at the wheel rim on one side only. This magnitude of Q
imbalance is slightly greater then thet normally allowed in service |
" for this size of wheel and tire.

¥

b Figure 23 shows the comparison of the uctive and passive systems for an im= i
pulsive type of input, with the landing gear af mid extension. The Limit | 3
cycle amplitude of oscillation of TH (axle torsional motion) obtained is o
% shown plotted against airpluie forward velocity, The pussive gear is well i
behuved below 4O knots; between 4O and 80 knots the limit cycle umplitude
i rises rapidly, and above 80 knots the passive geur is unstable, 1
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In comparlson, the active gear shows u dramatlic reduction in response umpli=- 3

tude ut velocities nbove 4O knots to well beyond the ground operating velo-

f@; . cities of the T-37 airplane. The slightly higher sctive system response at 3
:&; L velocitles between 5 and 30 knots is considered of no conseguence because
e the amplitudes are stlll well below the total torsional backlash (DI'H +DAL),

b ghowm as o horlzontal line in Figure 23. This mild hump in the low velocity:
' o reglon response of the active system can be elimincted by sither revofting

e e

??- iff'“ to a passive system at low velocities or by reducing the feedback gain to
N LI zero,

_ Figure 24 shows the same comparison for the gesr in the extended posi-

;; S tion, Below 80 knots, the passive geur is slightly more stuble in the

' T extended position than in the mid position., This is due to the tire input
moments being much less with the geur fully extended. Ae shown 1n Tuble II,
the tire torsional stiffness parameter KM in the extended position (tire
vertical load = R001b,) is only 251 compared to 845 with the gear in the mid
position (vertical load = 6501b.).Although the susceptibility of the gear %o
shimmy is greater in the fully extended pcsition becamuse of its lower tore

S

W o ey

slonal atiffness and greater backlash, the greatly reduced tire torsional

-~

stiffness more than compensates for these effects. Aguin the uctive aystem
g shows clearly superior performance ot oll velocities smbove LO knots, stabil-
izing what would be an unstable passive gear.

e R T b e — e

fi l The comparison between the active and pussive gears subjected to wheel lmw
4 balance is shown in Figures 25 and 26 for the gear ia the mid and extended
positions, respe:tively. As with the impulsive disturbance, the pasaiva gear
is unstable abov: 80 knots, whereas the actively controlled gear hus very

B

4 , low response amplitudes at all velocities, The hump in the low velocity

t region for tha active gear, extended gear position, shown in Figure 26, can
be eliminated by reducing the feedback gain or reverting to a pussive sys- ;
tem below 30 knots. .

R i) The peak instuntuneous power requiremeit for the active system is only 4o
. horsepower at V=100 knots with 1C in-oz of wheel imvalance. At GO knots -
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this drops to .0% HF, and is only .07 HP at 20 knots. Tor an impulsive type of

excitation the peak power requirement ia .27 HP at all velocities from 60 to
100,knoté; The maximum actuator foree requirement. is 685 lbs. at 100 knots
with‘wheel imbalance. With an actuesor area of 1,08 n® ; this requires a

' pranlure differential of only 63& p31, oomparod to 8 oyutem prennure of

1oad flow capdbility oft the valve uaed for the .system is h 9 GPM. Even
assuming the. peek aotuator pressure (634 psi) occurs nimultanooully with
the peak flow rate requirement, which 1s conservative, applicetion of equa~
tion (12) shows that the flow capability of the valve under load decreases
to

1500 - 63k (1_+.9) = 3,72 G

1500

which is still 15% above the maximum flow rate requirement (3.25 GPM).

In order to provide a 6 dB guin margin the feedbuck gain £or the baseline
active system is one~half the value that results in marglnally unstable be«
havior of the active system, No indiestions of wistable behavior are evi-
dent for any of the operating conditions analyved. The 6 4B gain margin is
besed on GLEMAL, since (LBIG is only effective when the system ls in the
baclklash region and can tolerate much larger gains without golng unstable.

Parameter Variatilons

The sensitivity of the foregolng unalytical results to varlations in cer=
tuln system parameters is described In this msection. The parameters in-
vestigated include the followling:

1+ KALP and K3 Hydraulie fluld stiffness in the actuator
2y KIH Torque arm stiffneas

3+ KPFH (lear lateral stiffnuse
. DH Torque arm backlush

5 CP Plstonecylinder fricttion

s BF and BIH Puseloge and latersl gewr dumping

T ITH2 Tugelage inertisa

L6
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Both active ond passive systems were analyzed using the impulsive distur-

bance (THD = 5 rad/sec) at V = 60 knots with the gear in the mid position
as a reference condition.

L N
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- hydraulle atiffnqal}parametérl KALP and K3 ph limit oy61Q"gmp11tudQI , n
for the passive and sctive systems, respectively. The:nominal values

for these parameters are 18000 and 2,62E6. The pallivi aystem valus

- cortesponds to a very low effective bulk modulus ofthOO lbl/ine. This

value was bbtained5£rpm:the'dynamic impsdance tegts porfdrmed on the

gteering actuator. Flow cavitation across the passive damping orifices

KALP and K3 - Figures 27 and 28 show the effect of variations in the

is belleved to be the cause of the very low obeserved actuator hydravlie
ptiffness, The active system has these orifices blocked, and the pass-
sges ore sized to preclude any cavitation problems. An effective

bulk modulus of 75200 ibs/in°
This corresponds to approximately 3% entrapped air volume (Bulk Modulus(B)=
265000 lbn/1n2 for no air entrapment), which can be maintained with normal
deslgn and servicing. :

is assumed for the nominal active system.

Flgure 27 indlcates that the passive system cannot toiérate much lower
hydraulic stiffness than the nominsl case (below KALP = 15000, the sys=-
tem is unstable), This is to be expected in lisht of the very low hydruu-
lic stiffness i'or the nominal conditlon., Hewever, even much larger hydrau=-
1ic stiffness values ( >3 times nominal) only reduce the torslonal re-
sponse to 0,011 rad,,which is still an order or magnitude greater than the
active system response, Furthermore, the passive system 1s still wne
gtable at 100 knots, even with KALP = 50000, Allowing for cavlita=

tion rellef Ffrom the wdditional flow that ieg wvallable 1f the epool

valve opens during shimmy, the highest value of KALP observed during

the program tests (with open spool valve) Is ubout 45000, It is not
known whether spool valve openlng is a common occurrence during

shimny; however, even allowing for this, the pusaive system limit

cycle response to an impulsive disburbance at 60 knots is greater than
0,01 rad.
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By way of contrast, the active system is relatively uneffected by wide
variations in the hydraulic stiffness parameter K3, as shown in Figure
‘28, Only when K3 drops below 60000 (equivalent to B = 1700 1bs/in®)
does the active system performence start to degenerate., For any hydrau-
lic stiffness greater than this, the active liatom exhibits resyonse
reductions of an order of magnitude relative to the passive aystem,
Based on thase results it would appear that the active uyppgﬁ can ba
expeated to perform very well at any value of effective hydréulio fluld
bulk modulus that can be reasonably expected.

L 2, KTH - The sensitivity of the analytical results to variations in torque
iﬂf'?Vﬁf?* arm stiffness KTH is shown in Figure 29, Whereas the passive system
. S performence starts to deteriorate at about 1/2 the nominal value

l (112000), the active system behaves properly down to less than 10000

for KTH which ia less than 1/10 the nominal value. ' At values greater

\ than nominal, both the active and passive results are the same as with
= the nominal KTH,

3, KPH - Figure 30 shows the active and passive system performance with
variations in KFH, the lateral gear stiffness. Again the active asystem
behaves well in the range from below 1/h of the nominal stiffness to
ebove 2 times the nominal., The passive system is quite sensitive to
KPH, with an optimum value at about 60% of the nominal value. At this

, KPH, the passive response is sbout 6 times greater than the active

= system (0,009 rad, ves 0.00L5 rad.).

ﬁ? ks DIH = The results of varying torque arm bvacklash are shown in Figure

31, The solid curves represent nominal values for CPl and CP2, the

M pistonwcylinder friction. The dashed curves represent zero frioction.
l The nominal value of DIH, as measured in program tests, corresponds y
approximately to the value for the T=37 gear that was tested at AFFDL, k
as reported in Reference 3. It can be seen that the passive gear is quite ﬁ
R ' sensitive to increased backlash, whereas the active system with nominal.




] -
RAD

) v} -
RAD

+Ol

02

06 e

0L

4o

8o

ACTIVE

120

XTR « 10° IN-LB/RAD

1 200

FIGURE 29 - VARTATION OF TORQUE ARM STTIPNESS, XTH

NOMINAL

88

02

ACTIVE

-

FIQURE 30

2
6

KPR = 10° IN-LB/RAD

VARTATION OF LATERAL (IRAR STITFNESS, KPH




006 r

t [CPl, CP2 w I*)BNAL VALUJ

t [0P1, OF2 = g

05

o /

o /£

|H] -
PAD

002

=2 R
—
o ""{’f by

0 ,002 .00k +00 .008 +O10 ,012

01

DIR = RAD
FIGURE 31 =~ VARIATION OF TORQUE ARM BACKIASH, DIR

51

: I MR
Ty f;'.;.ll"' {-. .._.r_,.).:.x ‘{-‘v.pl“‘( .n;...‘,.;‘_lx\jy N )
Vo R

Lar AR HaLA Ll




5

b | .

friction is completely unaffectsd by the backlash up to 3 times the
nominal value. Only with zero pimton~oylinder friction is the active
system somevhat sensitive to large backlash, This is because the active
system utilizes the friction force to transmit forces from the agtuator
to the axle within the backlash region, Wwhen this friction is rero,
actuator forces sre transmitted to the axle only when the :dwadband
region is traversed. Thus, the outer aylinder "bounces" back and
forth across the deadband region to stabilire |TH| to a value less than
DI'is However, even at three tiner the nominal backlash and rero fric-
tion, the wctive system stabilizes |TH| to within the magritude of the
backlash DM (streight line curve through origin indF‘igu'ro 17)s From
Figure 31 1% is clemr that the wotive system, even with rero friction,
has a high degres of tolerance for increased torque arm backlash,

CP - The senvitivity of the results to piston-cylinder friction CP is
indicated in Figure 32, The backlash DTH is fixed at the nominal value
for these results. CPl, the conastant on Coulomb type friction is varied
vhile CP2, the friotion proportional to geur side load, is held comstent
at elther gero or the nominal value. The active systam appears 4o have a slightly
improved performence at zero CP2, while the opposite is true for the
passive geur, The passive geur becomes significently more stable at
values of CPl greater than L0-50 in-lbs, Even at these friction levels,
however, the active system reduces |TH| response to less than 1/L the
passive valua, Furthermore, the performance of the active system is
Quite insensitive to the mnugnitude of the piston-cylinder Coulomb frice
tion CPl, However, it should be recalled from Figure 31 that the perfor
mance of the active system starts to deteriorate alightly at zero frice
tion with 3 times the nominal backlash,

BF and BFH = Figure 33 shows the results of verying the structursl
damping coefficients BF (fuselage toraional damping) and BPH (gear/
fuselage luteral damping). Both values ure nominally met at L% of
eriticuls In Pigure 33, both constants ure varied together, keeping u

constant percent of critical damping for eachs The response of both the
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active and pussive mystems is virtually unchanged in the raige from O 1
to 8% of oritioal. This indicates that the structural damping energy
absorbed is 1n|isn1fioant in comparimon to the .energies from torsional
friction and actuator damping (either pgllivo or activg). , L

7. IIHZ -« Figure Sh indicatol the dogroe to-which- tho pullivu and active
_system results depend on the natural frequency of the local tulelaga
' |tructu~e. This frequency vas varied by changing the local fuselage
inertia ITHZ, linoo a reasonable estimate of the dorrest fuuulasc '
stiffness K i1s svailable from Reference (3).: The nominal value of
ITH? used corresponds to a fuseluge natural frequency of 30 He. The
T right hand data point in Figure 3L corresponds to a completely rigid
| L _fuselage. From the figure it cen be seen that the resulis are insensi-
W tive tb this parameter except in the range from 10-30 He. In this c ‘TQ
N region the passive system performance dotofioratol appreciably'and the a
k S (RS active system improves somewhat. Since the shimmy frequency is in the
%* g neighborhood of 12 to 20 Hz, it is to be expected that fuselage natural
J" N ffiqponcion in this same region would significantly couple with the
I : . gear modes and alter the shimmy response amplitudes. Howaver, it is
' not clear vhy the passive system hecotes less |tab1|‘and the active
D system more wtable. (Note that in Flgure 34 the curve plotted for the
iT ' active system is 10 times the response, so that ite varistion can Dbe

x| more clearly seen.)
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ACTIVE SHIMMY CONTROL SYSTEM DESCRIPTION

A breadboard version of the Active Shimmy Control System desciibed in the
previoun sections was assembled using for the most part Offfth!~lhelf harde
ware, The system consists of the following major elements:

© An aleptro-hydraulic’ibEVbValvi_attachéd td‘tthnxiqﬁiﬁg iﬁharg,
ing.gylindor. ' . o

"0 Bystem feedback nonnorn: . . .
(a) agular aocoleromotor mountcd on the top of tho wheel rork.‘

(b) Position transducer on the eatuator body/piston rod (Lvnm)t

(¢) Differential pressure transducer on the steering actuator
to sense actuator load. C

o An electronic signal lhaping and gain aontrol network to con-
vert 'the angular sccelerometer ard actuator pressure and pouition
LVDY outputs into the desired fesdback signal for the servovalve.

Figure 35 shows a schematic diagram off tue T-37 wtearing actuator with the
active control system installed. The system utilizes the existing damping
orifice porte to attach an adaptor manifold. The manifold mounts the
electro=hydraulic servovalve, differential pressure trunsducer, and actua-
tor position transducer. The airoraft damping orifices are removed,

plugs are installed in their place and the pressure and returm lines are
moved from their connection on the staering actuator body to new ports on
the manifold to form the active damper configuration., Thus, the alreraft
steering actuator control valve and related passive demping orifices ure
not used, For comparative syetem test purposes, the standard aircraft
configuration can easily be tested with the added actuator position and
load differential pressure instrumentation retalned as shown in Figure 36.
Detalled instructions for converting between the active and passive aystems
are contained in Appendix A.
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The complete active control system ls zhown in Flgure 37. The angular
acceleiomoter mounts to the top of the wheel fork to feed back rotational
acceleration of the fork about the strut steering axis, The output signals
from the differential pressure transducer and LVﬂT mounted on the actuator
also feed back to +he controller. Nose gear nteering for the shimmy tests
is accompliihed throush eleqtrical commands to tho netive system.

The specifié uynﬂém hardwgie consists of the'followins:

0

Angulai .accalerometer: _Systron-Donriex model 4575-CG servo
accelerometer; range, + 500 rad. per sec?, '

Actuator displacement aensof} Séhaevitz model eooéxs-n
lineaxr varieble differentiasl trensducer; range, + 2 in,

Differential proilure sensor: - Standard Controls Model 210-
60=010-06 strain gage differantial pressure transducers;
range, + 3000 psig.
Linear accelarometers:

. y
(a) Yoke sngular acceleration (2 units): Stabham Model ALOOTC-15
linear strain gege accelerqmeter; range, + 15g

(b) Lateral acceleration: CEC Model 4=202-0001 linear strain
gage acceleromster; range, + 25g

A block dlugram of the complete breasdboard electronics system is shown in
Figure 38, Control and instrumentation electronlcs are housed in a pair
of 7" % 19" recke-mount card cages. All necessary d.c. power supplies ure
included so that only 115 vac. 60 Hz external power is required. System
electronics are packaged in moduler functlonal-unit cards. A fully de=
teiled circuit diagram is shown in Appendix B.
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Card 8 1s the central focus of the uctive control function. Summing ampli-
fier A3 and driver Al comprise the forvard path of the controllers A3 re=
ceives a commend input from the ‘steering circuit’ on tho same oard and two
feedback aignall (whool fork enguler ncceleration und ustuntor ro-txion)
Actuator polition 49 buffersd ‘on-Cazrd 3§ bnrore tntoriné thn laOp an Card 8,
Wheel fork angulnr aqoeioraﬁion ‘receives’ lineur lhaplng on Jard- k and nen-

‘1inear gain adauitmont on Card 7, berorw enturing tho\loop., Aqtuntor pres«

sure, after uhqping on CQrd 6, entorl tho non-linoar sain oircu‘
primarily es o biau nignal 0 remoVe the non-linaur Bain pa&h‘_ .anguler
acneloration durins ltooring and gldymetric 1oad1ﬁg canditionn. Sisnala
used both for inltrumsntution ‘and control functions are 1ine” drivur
1golated to provont damage to test: hardwais rrom 1nadvortbnt rccording
systeit shorts. :

Twelve signals are shown wired to s ‘connector for interface to the best
facility instrumentation tape-recorder, ‘The lateral load strain gage bridaze
is amplified on Card 1, the laters)l accelercmeter on Card 3. The actuator
pressure signal is amplified on Card 3 and isolated on Card 6. Angular
acceleration is burrored, shaped for oontrol use, and isolated for instrue
mentation on Card 4. It is also integreted ‘twice 4n the frequency band of
interest to provide fork rate and displacement for recording. ‘The acbuus
tor position signal, as mentioned sbove, is buffered and imsolated on Card 5,
Conditioned by an absolute value circuit and a compurator, it is also avail-
able a8 an overrange warning or automatic shutdown signel. The two sensors
arranged to measure yoke angular acceleration are summed snd buffered for
recording on Card 5,

Piguree 39 and 4O show two views of the hurdwere conneated to the steering
actuator. In Filgure 39 the servovalve can be seen mounted to the manifold
block. DBelow the manifold block are visible the LVDT and the brackets
attaching the LVIT rod to the steering actuator piston at both ends. The
body of the LVDT is attnched to the bottom of the manifold block, which

in turn mounte on the steering actuator cylinder. Figure LO shows the

™
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mounting of the manifold block to the steering actuator; <the pressure
snd return line ports on the manifold block can also be seen,

Figures 41 and 42 show two views of the landing gear with ali”ﬁﬁo active
system hardware and test’ 1notrumonta$ion installed. " In Figure hl the tor- A
sional accelerometer cen 'be’ ‘sesh mounted on‘e braoket attached” to the top v
rear of the wheel rork. ‘The lateral uocelorbmetcr mountod on\tho left end "
of the axle is allo vinible. On the right web of the trunnion yoke assen- -
bly an accelerometer can- ‘be loen3 this is ulod in ccndunotion ‘with one on
the other nide,phu;qdrlo “that yoko_angu}ur aocqleratiqp canl be measured.

Figure 42 is a left side view in which the hydraulic systen accumulators cen
be seen at the top of the photograph. The rectangular box mounted to the
gear test fixture Juqt above the gear is the LVDT uyignal conditioning module.
The hydraulic lines are shown attached to the manifold blosk, which in turn,
is mounted to the steering actuator,

Figures L3 and 4l are photographs showing front and rear views of the
electronice module, This module conteins all the fesdback gain control and
signal shaping cireuitry, as well as all the instrumentation signul process=
ing electronics and necessary D.C. power supplies, The front panel of the
electronics module contains 5 potentiometers for adduatins'tho following
active system control parameters:

0 Feedback linear gain, GISMAL
o Ieedback nonlinear gain, GIBIG
© Nonlinear gain limit, THDDIM

o Control loop position negative feedbaok
gain constant, K7

O Pressure feedbuck nonlinear gain biasing constant, K9
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The other two potentiometerl uhown in Figure L3 control the following teot .
parameters: e : :

0 Amplitudo or olootrioal ltcerina anglc'command”ror aoti. '
aysten lteorinc Deri s sl

capacitorl on tho rront punol. In additinn, thc front panol contginu Pro= 'l
visions for patching any of the basic instrumentation wignals. into the
rear panel ouxpuxl for the S-truck Brush racorder. Ono lueh.ognnection is
shown from card 3 to ocard 13 in Fisuro ‘43, Both-a step 1npﬁt and. sinousoidal
electrical ctooring command 1nputo ¢an be selected at the alootrcnial module.
The step command i1s used in the amctive system tests to steer the gesr elecw
trically.

Tigure L4 shows the 8 pairs of connections to the 8«track Brush recorder.
The two rectangular connectors on the top rear panel in Figure Ui are for
the wire bundles leading to the gear and 1o the ™ tape=recorder. The three
smaller circular oonnectors on the top rear punel are for the following:

o Function gensrator input (for sinusoidal steering command)

o Output for automatic carrimge 1lift triggered by preset gear
responpible amplitude

o Handeheld push-button for initiating step input steering
coinmand e
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5 SHIMMY TEST PROGRAM

Test Objectives . : e

The objectives of the #cit program ere tot
o 'Datormino the lhimmy characteristicl of the puunivo gcar. '

o Domonntrate the anti-lhimmy oupabilitioo of the aotivu -yltom Co &
including 1ts perrormanoe during nose gcnr lbeorihg. L -

ny et by 4

o Provide . dwta for eValuatins the oqubility of fhe analytioal modol.

(

0 Provide data by whioh limitations associated with the system and/or =
significant phenomena, not included in' the analyses, can be defined, '

Delorigtton of Teut Sét-Ug

All tests were performed in the USAF Flight Dynamice Ldboratorv in Dayton,
Ohio, The T=-37 gear assembly, modified to allow both passive and active
system operation, wus installed in a forward fuselage section of a T=37
airplane. The fuselage secticn, in turn, was installed in the carriage
of the 162 inch dynamometer such that the gear and tire had the proper
geometric traill for the strut extention values to be tested,

A 1500 psi hydraulic scurce, to simulate a T«37 ships system, was used to
power the steering ectuator using MIL Stundard 5606 hydrsulic fluid. A 115
volt, 60 Hz alternating current electrioal source was used to power the
breadboard active shimmy control system and associated instrumentation.
Torsional gear axcitation was provided by a cable pull system for the
passive gear and by elactrical steering step inputs for the active gear.,
In addition, wheel imbalance displaced laterally from the wheel centerline
was used to provide steady state cyclic inputs.

The breedboard ealectronics module was rack mounted and powered by a 110V,
60 Hz, electrical sourca. The electronics module was connected viam cubles
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to the landing gear and to the F.M, tape~recorder Interface. The tupe-

recorder is remotely located in the dats room and is a eﬁﬁndard 14 channel N "'{gg'

unit with standard speeds, single-ended input with a 100K ohm inpht impedance. =

The contractor supplied the Time Code'dénarator.'wrlght Pleld furnished an B~ '§§"
. . f

Channel Brush Recorder and an oscillouoope 1ona1 to the elactronics ror
monitoring and directevmite reco;ding. ' Banana Jacks are provided on the
reér of the braadboard electronics module for ﬁhe Hrush Recorder . interface.
The eleetronicl module provides a non-hatchins, low power relny closure as.. , L0
a function of a selectable absolute steering angle for interface with Wright B ‘“Jﬁﬁ.
Teld's gear<111t cirsuitry for use as an' automatic safety feature when ' o ";?
necessery. ' '

Instrumentation

Table 3 shows a List of instrumentation utilized inoludiug types, losas - -~ -~ 8
'tion, purpose and upuéificabionu. Table I delineates the actual signals
recordsd on méénetic tape, including soule factors and tape attenuation - - i
faovors, Aleo shown are the 8 responses recorded on the Brush Recordur for

.

quick=look analysis. ‘ ' | ' 3ﬂs;_

E ﬂ\ﬂ. £#QI Test Procedure
L8 ‘!Wr'.fJ. The following sequence of operations was followed for each shimmy test 8,
~ﬁ{ 1, Adjust the carrlage for the desired strut sxtension, ;q
;5 ; 2. Spin the drum up 0 & groud spead of 40 mph, "

3+ Activate the recording systen,

f, L, Verbally record the run number and identifying information, éﬂ
& 1. on the tape~-recorder, B
g j: 1 . ' :Iu

. 5. Start the Brush Recorder (High Speed, 200 mm/sec.). i(

6, Lower the gear support carriage ontc adjustuble stops, bringing
the tire into contact with the driver with the desired vertical load. g
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TABLE b4 - TAPE RECORDING SET-UP
Tape Brush Tape Scale
Channel Channel Signal Source Attenuation Factor
1 2 CMD céaz ol 0735 In/V
g 2 1 AX 05A3 3 AL In/v
Lol 3 3 e olA3 K1 60 rad/sec?/V
o
L. L I 6 chak .6 6 rad/sec/V
5 ' | ’ 5 ) Clin5 25 .06 rad/V
' \ 6 6 AP a6ao .25 330 psld/v
[ :
F ~ 7 Ay o1 113 g/V
3 8 8 Yoke Ang. Accel. 0 5AL 1 103/red/sece /v
!
b 9 Yoke Lat. Load R V25 260 1b/V ;
| ) , [ PV H
! 10 T Al CBAS o2 2 ma/Vv ;
{ 11 Strut Pressure 1 250 psi/V g
: 19 Nonlin,Accel.Fdback] CTA6 .1 3
b 13 Drum Speed (1) 100 mph/V K
f I i 14 : Time Code E
3 |
: | Edge Voice

R SO S0~ ST O T

* Tiltered acceleration feedback slgnul beginning with Run 119

AP e ey
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T After 2-3 geconds of free rolling on the drum, input e step
electrical steering command using the hand held push button
control. (For passive syitem testing, a cable-pull system is
used to directly disturb the wheel fork in torsion). With the
active system, & step commend of 3° is used for cases with wheel
Ambalence, and 6° for cases without imbalance. Two types of inw
put are =2sad: (&) w4 trief an input as possible (= .2 sec),
(v) Sustained input ( & 2 sec), '

8, Raise the geaar support carrisge,

o

9, Stop the Brush-Recorder. X

10, Stop the Tape-Recorder,

11. Accelerate the drum to 60 mph. |
12« Repeat steps 3 through 10.

13, Continue asbove steps up to 120 mph in 20 mph inciemerts,

For each run, the tire ls on the drum for around 10 seconds, About 5 minutes
are required to accelerate the drum each 20 mph increment, Tire heatlng and

- b wear presented no problems.

Test Sequence

The passive shimmy tests were performed from 16 June 1975 to 20 June 1975,

E The active system testing occurred from 23 June 1975 to 27 June 1975. Table
g 5 shows the run log f'or the passive system tests, Runs 1-12 were performed
; with the gear in the mid position and nominal torsional backlash. No

: . indications of free shimmy were present. The next series of runs (13-18)

; . were made with the strut in the 3/h extended position., A slight amount of

] '; shimmy is evident at lifte-off at 120 mph, Runs 19~23 were made with the

: strut fully extended. Free shimmy is evident at 100 and 120 mph.

. 73
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TABLE 5 = PASSIVE SHIMMY TESTS

SPEED

STRUT
PRESS.

STRUT*
EXT
SHOWING

INCH:

TIRE

PRHSS,

PSI

TIRE

|- BACK=

LASH
RAD,

NOTES

-3 Ot & W o

Lo
60

80
100
100
140

10%

349

35

| o

NO
TATA

10
11

ko
60
80
100
120

105

35

10

NOM

13
1k
15
16
17
18

Lo
Lo
60

100
120

72

567

35

10

NOM

* "gtrut Ext. Showing" fully extended =

"

compressed =

T+5 dnch
0.25 inch

Lher F2 edacdaioar v md L




TABLE 5 - PASSIVE SIIMMY TESTS (Conv'd)
STRUTH ’
STRUT | EXT. | TIRE TIRE BACK=
RUN | @PEED | PRESS | SHOWING | PRESS. | IMBAL, | LAsy . NoTES
| vEH PSI INCH PST | IN-OZ., | RAD K
9w | s3 | 7es | 35 | 10 NOM .
. 20 60. | - "
21 | 80 _
1 22 | 100 Shimmy
<23 | 120 | Shimmy
2l 40 53 7.0 50 10 NOM
25 60
26 80 .
27 | 100 Shimy
28 120 Shimmy
29 ko 50-33| 7.3 50 10 NOM
30 60 _
31 80 Shimmy
32 | 100 Shimmy
33 80 50=53) 7.3 50 0 NOM
3k | 100
35 120 Shimmy
N 36 110
371 ko 51 | 7.3 50 0 +0,028
i 38 60
‘,\ ‘ 39 80 I Shimmy
P{ Lo | 100 Shimmy
% 4, { 120 Shimmy
G 70 MPH DEC, S°D, TAKE OFF A

'K o
g
A
T gk o ot |




TABLE 5 =

PASSIVE SHIMMY TESNS (Cont'd)

RUN

SPEED

STRUT
PRESS.

PSI

STRUT*
EXT.
SHOWING

INCH

TIRE
PRESS,

PSI

TIRE
IMBAL,

IN-0Z

BACK=
LASH

RAD

NOTES

43
Ll
45
46
bt

Lo
€0

100
120

108

3.9

20

0

+4024

Shimmy
Shimmy

48
k9
50
51
52

40
60
80
100
120

108

3.9

50

10

+,02k4

Shimmy

Shimmy
Shimmy

53
5h
55
56
57

Lo
60

100
120

108

3.9

50

10

+.016

Shimmy
Shimmy

s F

T

T

T e




Runs 24=32 repeat the previous geries with the tire pressure increased to
50 pesi (from 35 psi). Again shimmy is evident at 100 end 120 mph., The
sbove runas were made with 10 ingoz.wheel imbalance, Runs 33=36 were done'
with zero whesl imbaslance; some shimmy was evident at 120 mph. At thils
point, the torsional backlash was increased from +0.012 rad, to +0,028; rad
for Runs 37~42, Free shimmy at 100 and 120 mph is evident with some ten-
dency to shimmy at 80 mph. : :

The remaining passive rus were done with the gear in the mid poaitilon.
Runs 43-47 had zero tire imbalance, Runs 48-52 had 10 in-oz tire imbalance,
and Runs 53-57 had =an intermediate level of backlash., In anll these cases
the gear shimmles at 100 and 120 mph, and in some cases at 80 mph,

Table 6 shows the run log for the active system tests, Runs 101 through
118 wer - performed with the basic active system without nonlinear gain con-
trol. the K, vparameter shown in Table 6 18 related to the linesr feed-
back constant G1MAL as follows:

G1EMAL = 0.0063 x Kq

gince the fully extended gear position was the most critical for the passive
system, this position was used for the active system tests until the feed=-
back signal shaping was finalized. While the perforuancs of the basic system
was acceptable in that no shimmy oscillations were evident, the system hed =&
180 Hz structural mode thaet was being driven to unacceptable levels at feed-
back gains that were lower then deslred for good damping of the shimmy mode.

In an effort to eliminate the deleterious effects of the 180 Hz mode, a

Twin~T notch filter was designed, fabricated end installed. Runs 119-12L
ware performed with this filter in the feedback loop. This approach was

successful in attenuating the 180 Hz responses, but the additional phase

lags, introduced by the notch filter at lower frequencles, resulted in =a

LO Hz mode of unacceptable amplitude,

T




TABLE 6 =

ACTIVE SHIMMY TRSTS

| spEED

STRUT

PRESS.

P3L

STRUT
EXT.
SHOWING

INCH

TIRD
PRESS,

PaI

TIRE

IMBAL, -
IN=0Z,

BACK=
LASH

RAD,

NOTES

102
AN TR I 103

ko
60
80

23,

Te3

50

10

|

Nom.

|

043

NOTHING
oN
TAPE

104
105
106
2 | 107
b 108

ko
60
8o
100
120

50

10

Nom.

0.5

k. 109
| 110
3 ' 111
kK , 119
£ | 113

€0

100
120

Lo

o3

T3

50

Nom.

0.3

11k
115
116
117
118

Lo
60

\‘J\)

100
120

53

Te3

50

DU

Nom.

0.3

04l hot,
178° F @ end
of run

8 - 119
| 150
n' . ! 121
" 122
2 \ 123
i ' 12k

ho
4o
60
80
100
120

53

Te3

50

Nom,

0.7
0.5

Added notch
f1lter, doubled
Ky galn range

78
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TABLE 6 =~ ACTIVE SHIMMY TESTS (Cont'd)
LY stru? | Ex?. | TIRE | mImeE | Back-| |
PP - | rov | sPEED | PRESS. | sHowzMe | PrEss. | IMBAL. | LASR. | K, NOTES
‘ MR | PsT INCH PSI | IN-0Z. | RAD. T
15 | o 53 7.3 150 | o | Nem. |0.3 | Removed noteh
16| 60 | SR § 1 - | | f1iter. Added lag|
S _ (48), lead (96)
127 80 : T1lter
- 128 | 100 '
’ 129 | 120
130 | ko 53 743 50 | 10 | Nom. |o0.3
?. ; 131 60
P 132 80
o 133 | 100
' 134 | 120
135 8o 53 Te3 50 10 Nome | Oe3 |3y Replaced servo
136 | 100 0.3 | |V¥Ye
137 100 10,5 | }No mag. tape
138 | 120 0.3
139 | 120 0.5
140 80 Oet J
141 40 53 o3 50 1.0 Nome | Q4% }.‘:uu’l.ﬂ.od foa'n
ve | o S
143 &80
thl 100
. Wy 1 o100

19

Wit - —— . , o
. (. ) . . . K . SR Ve . ) .
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. TABLE 6 =

ACTIVE SFTMMY TESTS (Cont'd)
STRUT N R
. | seRUT mxr, | YIRE | TIRE BACK~ |
RUN | SPEED | PRESS, | SHOWING | PRESS, | IMBAL, | IASH | K, NOTES
| wm | PsT INCH psr. | 1IN<oz, | RaD. | - o

w6 | o 53 73 50 0 Nom: | 0u3 | Removed leg-lead
a | 4o | 0.3 |Eltn) eiaiae
148 40 0.5 |to = 180 Hz
149 g0 0.3 '
150 60 0.5
#1351 8o 0.3
152 80 0.5
153 80 0.7
5k | 100 043
155 1Q0 0.5
156 160 " 0.7
157 | 120 0.3
158 120 0.5
159 120 0.7
1€0 Lo 53 7.3 50 10 Nom. 0.7
161 60
162 &
163 | 100
16k | 120
165 40 53 Te3 50 0 0.028 | 0.7
166 60
167 8o
168 160
169 120




TABLE 6

- ACTIVE SHIMMY TESTS (Cont'd)

| sPEED

STRUT
PRESS.

Pgl

STRUD

EXT,
SHOWING

INCH

TTRE
PRESS,
PSI.

TIRE
IMBAL,

IN=02,

BACK=
LASH

RAD.

Ka.

NoTES |

N '

173
iTh

- {172

4o |
60
80 -
100
120

53

.,.7.3

. -
50

10

0.028

0707

E oL 175
o 176
177
178
179

Lo
60

100
120

53

50.

10

0,028

0.7

180
181
182
; 183
- 184

Lo
60

100
120

109.5

3.9

50

0.028

185
X 186
[ 187
k- 188
189
B ‘ 190
191
192
193
194

Lo

288882

80

80
80

53

Te3

50

Nom.

0.7
0.7
0.7
1,0
1.2
Lok
1.7
Q.5
0.3
0.2

81




"TABLE 6 - ACTIVE SHIMMY TESTS (Cont'd)
aor | - | -

‘ |error | EXP | TIRE | TIRE | BAGK-| |
‘| RUN | 8PEED | PRESS, | SHOWING | PRESS. | IMEAL, | TASE - | K, | . NOTES

"~ | MPr | Ber. | INCE | .'PBI | IN-OZ. | RAD. |’ B

s |
- 196 1
.' 97

R .?7.5 : 50 o "xga.' ;oflf.
A

°3 T3 50 | o ~ Nom, é.’? ' 5 Hz Sine
o 10 He Sine
15 Hz 3ine

198
199
200

£888888 |88 8

201 -. - 1 . . 20 Mz Sine’
202 | | 25 Re Sine
203 30 He Sine
20k 40 1z Sine
205 | 80 1 _ 50 Hz iine
206 Servo Fraq. Response -

207 Filter Freq. Rasponse

‘
E ) bt
; ' \ '
|
B .
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At this point in the testing the notch filter was removed from the system

and a lag-lead network, tuned to 48 Hz snd 96 Hz respectively, was instelled,
Runs 125-145 were made with this feedback configuration. At Run 135 th
servo-valve was replaced with a aspare uhit; since the syltem’wo.l oxhibit:.‘.h
sporadic drifting avay from neutral with the wheol ofr the drum and .nd feed= -
" back or steering commends applied 0 ‘the velve. Apparontly the valvu had

. been contaminated at some polnt in the previoul telt series. The new valve .
eliminated the drifting problom, which never reappeared during tho romainder “
of the aotiva lyltem telta. : '

In an effort to achleve tighter dﬁmping control at the higher driving fre
quencies, the actuator ponitién loop feedback gain constent (K7 in the
analytioal model) was doubled, beginning at Run 141, This increased the
cutoff frequency for the position loop to 16 Re. The lag-lead network
suppressed the 180 Hez mode adequately, dbut the damping performance ﬁith vheel
imbalance was reduced from thet of the basic system. :

Finally, a more refined Bridged-T notch filter wam employed in conjunction
vwith the 16 Hz position loop., This system sharply attenuated the 180 He
mode, allowing an increase in the nominal feedback gain from K, = 0.3 to 0.7,
and almo damped the 4O Hz mode. This finel configuration is used from Run
146 on. Runs 146-159 are variations in the K, gain, resulting in the seluc-
tion of Kq = 0.7 as the nominal value,

Runs 160=1Th test the system with the gear fully extended, with nominal and
increased torsional backlash, and with and without wheel imbalsuce, Runs
175=184 verify the performance of the system with the geur in the mid position.
Runs 185-197 represent extreme variations in fesdback gsain constant Kq from

0 to 1.7, more thun twlice nominal, These runs were mnde with the gear fully
extended,

Runs 195=205 consisted of steering the gear electrically with a sinusoidsl
steering command whils the tire was running on the drum at 80 uph. Input




steering frequencies from 5 to 50 Hz were rune Finally, Runs 206 and 207
consist of freqpnncy responses for the aervovaJve and the notch filter,
reapectively.

Table 7 shows a uummary or the pertinent test run numbarl for the paunive
and final active lylheml, for- differant oombinationa of torlional backlalh

and wheel imbalance. The passive system vas ‘hever run in the extended poai-f' .

" tion- with both wheel imbalance and increased torsional backlash in order

to prevent possible dumage to tha gear, The ctive eyltem ves nsver. run in
the mid ponition with nominal bhacklash, since thil configuration wae clearly'
not criticals

DABLE 7 - SUMMARY OF SHIMMY TEST RUN NUMBERS

K - WHEEL Lo ACTIVE
* BACKLASH IMBAL, |.PASSIVE | (BRIDGED~T NOTCH ONLY, K, = 0u7)

Noms - v 33-36 153, 156, 159, 185, 186, 187
10 2Ya32 . 160 - 164 -
+0,028 o} 37=h2 165 - 169
10 ———— 170 = 17k

Nom. 0 1-7 —————

10  —

+ 0,024 0 4 180 « 18k

10 175 - 179

2

Vest Results

The most importunt result of the shimmy testing is that the passive system
axhibits free shimmy for a number of parametric combinations, whereas rone
of the active systems tested sver allowed the gear to shimmy, The passive
system appeara more susceptible to shimmy with tirve imbalance. 1t is felt
that the cyclic stroking of the steering actuator caused by wheel imbalunce
tends to promote cavitatlion of the metuator, resulting in the very low effec-
tive stiffness observed in the output impedance tests parformed initially.
However, the pussive system almo shimmies without wheel imbalance,




A set of tlme history traces for the more pertinent passive and active. system
shimmy tests is included in Appendix C» Figure 45 1llustrates a typical

time history of a pamssive system test wherein free shimmy occurs. The ré-
sults shown . are from Run 32, 100 mph with fully_pxtanded'gear, wheel ime
balance and nominal backlash. 'The large oacillat}onm_evidaﬁt in axle tor=
sional acceleration are selrf-induced and oceur at a frequency of 22 Hz,
aven though the fraquency of ‘the driving moment due to wheel imbalance is

36 Hz at this upeed. This clearly represents a degenerahion of”the response
dnto free shimmy, and it is alleviated only by lteering ﬂnputa or by -lifbing
the gear off the drum.

In contrast, Figure L6 shows the corresponding condition with the final
active system (Run 163). In this case,. not only are the oscillation ampli~
tudes lower, they sre also at the wheel imbalance’ driving frequenoy of 36 Heo
Note that the transient response following the sharp' step input in steering
engle is very well damped, lasting only one cycle or laess, Thil is almso
111ustrated in Figure 47, which is the uame oconditiocn without wheel imbaluance
(Run 156). :

!

The wharp step steoring commend used for fhe active system tests could not
be duplicated with the cable pull system used to exclte tue passive gear.
Had it been possible to sharply pulse the pageive tear, it is felt that the
resulting shimmy oscillationas would have provided a graphic contrust to the
active system damping evident in Figure 47, With the results avallable,
Tigure L8 shows the zero wheel imbalance, passive system response at 100
mph, from Run 34. A slight tendency to go ints the shimmy mode is evident,

Another phenomenon of interest is ohservable in Figure 47, Nor the autive
system, the damping of the trensient responge imnediately following the
initlation of the atep steering command ie superlor to the damping following
the return of steering command to zero. This 1s probahbly the result

of providing a steady lateral tire loamd and taking up system backlash when
steering away from neutral, while the tire load comes off and the symstem




L | RCTIVE AND PRSSLVE SHIMMY TESTS
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AT CVE RANO PASSIVE SHIMMY TESTS
FIELD RUN 151
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reenters the backlash reglon as the steering returns to neutral, rather than

any asymmetric characteristics of the servovalve and actuutor.

A comparison of active and passive system performance with wheel imbalance
is shown in Figure 49 for the fully extended gear with nominal backlash.
The peak-to-peuk axle angular acceleration is plotted versus airplane velo=
celty. Since the sngular acceleration traces are somewhat spilky snd irregu-
lar, the data in Figure 49 is obtuined from the cleaner angular veloclty,
6 y traces, using the relationship

|6[=wlé]

where w 1s the response frequency in rad/sec. Also shown in Figure L9 ig
the "input" angular acceleration due to the wheel imbalance, given by

2 |Mimb|l|
Ielinput- Io

Mimbal i® the sinusoidul forcing moment about the steering axis due to wheel
imbalance; I ls the mass moment of inertia of the vheel, tire and piston
about the steering axis.

The passive results at 100 and 120 MFH are not at the whee)l imbalance drive
ing frequencies of 36 and 43 Hz, respectively, but at the shimmy frequency
of 22 Hz. These results are sustained limit cycle shimmy oscillations, At
all velocities, the measured response amplitudes of the passive system are
greater than the input forecing function from wheel imbalance. For the
active system, the responses are attenuated below the input at all veloci-
tles except for the resonance ut 80 MPH, corresponding to & driving fre-
quency of 29.5 Hz, The results of the steering sine sweep tests of ‘the
nctive system indicate a fundamentnl system resonance of 30 Hz. It is
shown in Appendix B how the active system has ralsed the basic torsional

mode natural frequency to 30 Hz or mbove,
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1600
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, PIGURE 49 - COMPARISON OF ACTIVE AND PASSIVE SYSTEM RESPONSES
: WITH WEEEL IMBALANCE, GEAR EXTENDED
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The active system response peaks were driven at the system resonant fre-
quency whereas the passive system regponse continues to increase at high
velocities when the response bresks down into the shimmy frequency even
though driven at higher frequencies. (The 22 Hz resonant frequency of the
passive system corresponds to 60 m.p.h.): Thus, the passive system clearly
exhibits sustained shimmy oscillations, while the active aystem only responds
naturally at the driving frequency.

Figure 50 illustrates the same rgnultﬁ s Figure 49, only with the gear in
the mid position and with incre&;éﬁ “acklush {i0.0EM rad.). The active
pystem results are similor in that e resonance at 80-100 mph occurs, while
the responses are always lower than those of the passive system, which
shimmies at 100 and 120 mph.

When the passive gystem is sufficiently stable (no shimmy), it aleo exhibite

a resonance at around 80 mph in its response to wheel imbalance. Migura 51
sliowe the response of the passive system with the gear in the mid position and
nominual backlash, Thls configuration does not shimmy at the high velocities
(100 and 120 mph), and as a result the response pesks at 80 mph., It should
be noted, howaver, that the dynamic amplification of the wheel imbalance

input 1s greatest at 60 mph, which corresponds to a driving frequency of

22 Hz, the gear's observed shimmy frequency, Thus, the dynamic amplifica-
tion of the gear pesks at the expected excitation frequency, while the
absolute magnitude of the response peaks at a higher frequency (correspond-

ing to 80 mph) because the mugnitude of the input exictution increcses with
velocity.
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FIGURE 50 - COMPARISON OF ACTIVE AND PASSIVE SYSTEM RESFONSES
WITH WHEEL IMBALANCE, GEAR MID POINT
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FIGURE 51 - PASSIVE SYSTEM RESPONSE 10 WHEEL IMBALANCE,
MID POSITION, NOMINAL BRACKLASH
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L.

CORREIATION STUDIES

Anglytical Model Parameters

Information galhed from the preliminary laboratory tests performed in the
prograem prior to the shimmy tests at Wright-Patterson, as well as changes
made to the active system during shimmy testing, alter the values of some of
the analytical model parameters previcusly summarized in Table 2, The revised
values ure shown in the following table. (Refer to Teble 1 for parameter
definitions). '

TABLE 8. REVISED ANALYTICAL MODEL PARAMFETERS

PARAMETER VALUE NOTES
GLSMAL 0,00k44 2
IAL(active) 0.068 1
K3 873000 1
K5 0.000309 1
K6 3.15E=6 1
K7 100, 5 o
ZETAA 0.8 1
OMEGAA 1000 2
ZETAS 0.65 1
OMEGAS 750 1

Table 8 Noltes

1. Revision bused on preliminary laboratuory active syse

tem btest resulls,

2. Reviglon basod on active oyaben chunges made duridng

ghimmy testing.
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GLSMAL and K7 are the outer and inner loop faeedback gains which were both

revised during shimmy testing, The Bridged=-T notch filter tuned to 180 Hz,

vhich was employed in the shimmy tests, is not incorporated lh the analyti-

cal model. In the analytical model, the 180 Hz structural mode is at 230 _
Hz and never gets driven. Since the purpose of the notch filter is solely to .
suppress this mode, the filter is not included in the analytical model be=- )
cause the mode is never excited,

Correslation-Results

The passive free shimmy tests were initlated by a cable pull system which
resulted in a rather irregular, prolonged transient input to the gear that
is diffiocult to duplicate analytically. For the purposes of correlation
studles hetween unalysis end test results, it is desirable to have a well
defined input forcing function. A deliberately induced wheel imbalaence
provides an input excitation that is accurately known both in magnitude and
frequency, It is for this reason that the correlation studies ure based on
the tests whereln wheel imbalance wus usaed to drive the gear.

Analytical results for the passive system with 1O in-oz wheel imbelance are
compured with the ‘test results ir Figure 52, The extended gesr posltion
with nominal backlash is used. Axle angular acceleration derived from
angular velocity 1s plotted agoinst alrplene veloclty., The agreement be-
tween analysis and test data is falrly good at all velocities, MHowever, at
100 and 120 mph, the analytical responses are at the wheel Imbalance
driving frequencies (35 and 42 Hz, rather than at the shimmy frequency of
22 Hz, as obamerved in the test results., A steering actuator stiffness of
50,000 in-#/rad is used for these analyses, rather than the 18000 in-#/rud
shown in Table 2, The lower stiffness value will result in a 22 Hz diver-
gent instability at 120 mph, with good correlation at the lover velocilties.
Therefore, depending on what value of amctuator siiffness is employed, the
120 mph analytical results will asgree with the test results elther in terms
of response amplitude or response frequency, but not both, (If free shimmy

is onalyzed, the correct shimmy response frequency of 22 Hz results for a
brond range of actuator etiffnesses).

96

1 " }
[ R BT . ' - B LAt WAL .
' ...,\.!iA.‘_._.‘_AA‘L_.K.._‘ A S TL TR R I R T R (L R AR L e R iy . ’ 3
B e L L ST M APV [ I S . PP B -
. L]



2000

Extended @ear Positioc
Nominal|Baaklash

>

1600}

1200

800 7

Loo o

AXTE ANGULAR ACCELEPATION, PRAK-TO-PEAK, RAD/SEC’

(@]

]

0 Lo 80 120 160

ATRPLANE VELOCITY, M,P.H,

FIQURE 52 - COMPARISON OF TEST AND ANALYTICAL PASSIVE SYSTEM RFSPONSES
WITH WHEEL IMBALANCE, FXTENDED GEAR POSITION

b .
. : 18
( 97 %
= ]
i g
)‘ .‘:
3 . 3
-




i Pigure 53 shows the same information for the active system, with the gear
in the extended position and nominal backlashe. 1In this case, the correla-
tion is fair from 4O to 100 mpk, but at 120 mph the analysis indicates a
much larger response then that observed during testing.

Figures 5k and 55 show the correlation results forthe passive and active
: systems for the mlid gear positlion with lncreased torsional backlash (i0.0Eh
i rad.). The results are very similar to the extended gear findings; the
| i pussive system correlates rather well at all veloclties while the active
| | system analytical results are 0o high at the high velocities.

For these mid gear position analyses, the estimated tire parameters shown

in Table 2 produce high negative tire energy inputs to the system. In parti=
cular, the pussive system is divergently unsteble at 80 mph and above,

Since no tire parameter test dats of the type needed for shimmy analysls was
available for the tire used, estimates of the tire data were made unesing

.\
i

with the test results, indicate that the rmngnitude of the tire stiffness as

s

|

|

|

{ - empirical equations from Reference 2. The analytilcal results,when compare:

! obtuained frow Reference 2 may be high., Because most of the test data which

' foriad the basis of the empirical equations contained in Reference 2 exhibit-
I ed conslderuble scobber, reduced values of the tlre parameters obtained from

i the: equubions ure Justidfied and are used for the correlatlon studles.

Y ' | ‘“he  tire parameters may also contribute to the poor correlation encounter-
; ! ed with the active system at 120 mph, In the analysis, the tire acts as a
,; source of energy to the system at 120 mph. Since driven shimmy tests were
b | not performed, 1t is wknown whether the real tire served as an energy
source or sink. However, if the tire actually sbsorbed energy at 120 mph,
that could explain the low magnitude of the test response (relative to the
e n unalysis) at 120 mph for the active system,

This would imply that a "correct" set of tire parmmeters would lower the
i ! analytical responses at 120 mph, However, this would also hold true for
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; the pusslve system which currently correlates fairly well at 120 mph.

In the passive system, the added energy ebsorption of the tire could be
offset by lowering the nctuator stiffness back to around 18000 in-#/rad,
as estimated in Table 2, Thus, both the pessive and active systems would
correlate well at high velocity 1f the tire asctually absorbs energy.

W

Another consideration relative to deteriloration in correlation of the active p
system at the higher velocities is the use of wheel imbalsnce to induce J
torsional motiona in the gear. Classically in shimny analysis the fore Q
and af't mode is neglectod because the lateral and torsional modes dominate. ’
Accordingly, the analysis used in the program!does not include the fore

B} and aft mode. Wheel imbalance imposes fore eand aft loads on the gear, )
| vhich result in torsicnal motions due to the lateral offset of the 1
L imbulance, Thus, the fore-aft and torsional gear mucions are coupled via .
( lﬁ. the wheel imbrlance foroing function as well as any mechanical aoupling that

|

! may exlgt in the gear, In the came of a passive system, this coupled J
f response has o secondary effect on the cnset of shimmy,since fore-aft gear i
l

)

\

motilons are not as significent as lateral motions in producing tire forces.
Hovever, with the active aystem the torsional accelerometer will be exposed
to the coupling which may result in altering the feedbuack signal by a shift
_ in phasing over what would be axpected from only the latersl and torsional
! modes. The change in signal can be either favorable or unfavorable in 4
1
]

suppresging the response of the gear, and the effect should be more signi=-
ficunt at high velocities. (This fore-aft gear loading could have been

T T T T T T SRS T

¢liminated from the shimmy tests by using equal welghts on opposite sldes of
the rim, located 180° apart),

The use of wheel imbalonce as a means of providing data for correlation of
analytical and test results of gear response in evaluating 1ts shimmy
characterlistlcs does not provide stability margine as does the driven shimmy
testing method, and also the analysls may require the inclusion of the fore-

e I = ws e

1

af't degree of freedom of the gear, J
)
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! To aid in explaining some of the observed results of the active system tests, 3
3 g simplified analysis of a linearized system was developed and is presented
3 in Appendix E. In particular, the variation of the free shimmy response o

. I 4
k: fraquency with feedback gain and the creation of modes assoclated wilth the .\ 1
3 active system are discussed.
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CONCLUSIONS AND RECOMMENDATIONS

Conc¢lusions

1. The basic passive system shimmies at velocities atove 80 mph in the exe

. tended gear position, As well am in the mid position with increased tors

b sional backlash, This susceptibility to shimmy is the result of a shimmy s
S damper which behavas as a soft spring with minimel damping at the ihimmy

' frequency (22 Hz.).

2, The analytical modal used in this program correctly predicts the shimmy
tendencies of the passive system. Quantitative response comparisons

Wi between test and analytical results with vwheel imbalance show good agree-

ment in amplitude, but st 100 mph and above, the analytical reaponse is ut

the driving frequency while t¢he test response is at the shimmy frequency.

3. All versions of the active shimmy control system tested prevented shimmy 3
even with wheel imbalance and more than twice the nomlnal torsional ,
backlash,

ks Careful shaoping of the feedbnck control signal is necessary to prevent |
undesired high frequency oscillations. This signal shaping, accomplished P
with a Bridged-T notch filter tuned to 180 Hz, must be done during the j
shimmy test progrom, The analytical model is not suff'iciently precise
to predict potentiul problems from higher frequency structural modes.

3 5. In addition to proventing shimmy, the unctive control system reduces the
response of the genr to wheel imbalunce relative to the passive system,

6+, The active shimmy control system is stable at mnre than twice the nomi-
nal feedback gain employed; hence, the system as tested has 6 dB guin margin.

Ts With zero feedback guin, the uctive control system still has positive
4 ‘ shimmy damping, although its damping performance is quite poor.

8, The wnalyticul model predicts the observed shimmy suppression cupabilities
of the active control system, but quantitative response comparisons

10k 1




are only in fair agreement at velooities above 80 mph.

Recommeridations

Tt 18 recommended that:

1. The active lyitem analytical model be further refined to prediot
system ragponses more accurately., The refinements to be investigated
include fore-aft gear response and separate fuselage fore-aft and

lateral degrees-of-freedom.

2, Further testing and analysis be performed tn amssess the limitations orf
the present active control system. In particular, its performance with
various signal fallures should be determmined over a wide range of oper~

uting conditions.

3. A fall safe concept be developed and incorporated into the breadboard
system dealgn to remove the operational limitations of the present

system,

L4, After the ubove has been completed, an active control system sultable
as o flight test prototype for the T=37 be deslgned und bullt,

5. This system be flight tested with various degrees of degruded gear

maintenance.

6. 'The feasibility of providing active shimmy control, in conjunction
with electrical steering commands, for larger airplanes be investigated,

Ts Wheel imbalance, if used as a means of inducing torsional response in
single wvheel shimnmy tests, be installed such that fore snd of't motions

are not introduced.
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APPENDIX A

OPERATION AND MAINTENANCE INSTRUCTIONS

ol ACTIVE SHIMMY DAMPER SYSI'EM

A. Installation of Nose Gear Assembly in Alrframe

an 1. Inflate tire to 4550 pai.

N 2, Pre=-pregsurlze shock strut air pressure to desired pressure
' (upproximately 55 psi with strut extended/no load).

3. Remove 1" dia. trunnion pins from Gear Asserbly.

4, Install 1/2" dim. bolts (installation tools) in trunnion pins

- from outbhoard ends. !
%‘ |
] 5. Lift Geer Assembly into airframe. Push R.H. (slde adjacent to }
N steering actuator piston rod attachment to yoke) trunnion pin

: 1 . thru airframe bushing and gear yoke, i

6, Start L.H. trunnion pin through airframe bushing and seven 1" ,
I.D. washers between airframe and gear yoke,and into yoke. L

- TR T T T
S

7. Align the 3/16"dismeter holes for retaining screws thru yoke |
! and trunnion pin. Install 10=32 retaining screws into one side

of trunnion pin, unscrew 1/2" diameter bolt (installation tool), 4
N and f'inish inatnlling 10-32 retaining screw thru yoke wnd trunnion
i pin. (Two places). 1

! _ 8¢ Install Drag Link at upper end to airframe, Connect Drag Link nt
o ' lower end to Gear Assembly. i

T A
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'; | 9. Connect pressure and return hydraulic lines. (Note: Tocate accwia-
! : lators in pressure and return lines as close as practical to Gear
Assembly. Preecharge air pressure in accumulators as follows: *

}-;x Pressure Accum. = 800 psi Returmn Accume « 25 pei 5‘

10, Connhect electrical ceble coﬂnectorn.

e

B NOTE: Hydraulic System Fluid MILeH=5606
BRI Hydraulic System Operating Pressure 1500 psi
et Locate pressure line filter as close to test as possible

TSR

B. Changeover Procedure, Passive to Active Damper Configuration

(Note: If accessible, it should not be necessary to remove Gear Asseme
bly from airframe to accomplish configuration changeover).

Plgure A=l is a leyout drawing of the system showing the part numbers
referred to hersin,

; . 1. Disconnect pressure and return flex lines from alrcraft steer=
ing actuator. Cap pressure port, plug flex linaes,

R Y T

Pt

m——

2, Disconnact connactor to AP trensducer,

3, Remove three allen head screws holding SL 1962 LVDD Bracket to
SL 1960 Menifold and let Bracket hang on LVDI' probe,

3 4, Remove Jum nut holding SL 1963 Brace to bulkhead fitting in }
: return port on alrcroaft actuator,

‘} Remove four screws holding SL 1963 Brace to SL 1960 Manifold 1
(3 Allen head, 1 slot head) (Note: 5lot Head mcrew location
required for clearmnce, left f'ront,)

Remove SL 1963 Brace,

1 207




| s
ONyIILES 264




5. Remove lower bolt and drop Drag Link from gear,

6, Loosen two SL 1961 Bolts holding SL 1960 Manifold to alroraf+
actuator,.

& [fy" Loosen two bolts evenly together 1/2 twrn ut a time, Do not
e remove bolts from SL 1960 Manifold, remove Manifold and Bolta as
an assembly from alrcraft esctuator. Watch for loose aprings and

orifice poppet valves as Monifold and Bolts are removed.
7. Remove springs and aircraft orifice poppet valvess

% ' 8. Using #6-32 screw provided as tool, install SL 1956 plugs in
' place of orifice poppets.

9., Remove and replace two MS 28775-012 "O" Rings and Back~Up Rings
forming face seal on SL 1961 Bolt batween Manifold and aircraft
actuator,

[ 10, Re=install two alroraft springs and Menifold/Bolt Assembly, Tighten
bolts evenly together 1/2 turn at a time to bolt SL 1960 Manifold to
alreraft actuator.

T T T T T T e T TR TR Sy

1l. Re=connact drag link to Gear Assembly.

12. Re-install SL 1963 Brace on SL 1960 manifold using bulkhead fitting
Jum nut and four screws. (Note: Location of one slot head screw
required for clearance.) Cap return port on ailreraft actuator,

13, Re-install SL 1962 LVDT Bracket and adjust LVDT Body position to
center radially on probe,

1k, Remove 8L 1972 Cover Plate and install Model 31 Movg Servo valve.
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15 Connect pressure and return lines to P & R ports on SL 1960

Manifold.

16. Remove eircraft feedback linkage as follows:

(a) Remove cotter key and pivot pin from linkege connection to
valve spool.

(b) Remove phillips~hend center pivot screw (watch for loose -
washer & bushing).

(c) Slip feedback linkege fork off of pin on pilot input rina.

17. Connect electrical cable to Moog valve. Connect electrical cable

to AP transducer,

Parts Kit (Gear Assembly in Pnssive Configuration)

1

2

each Mlter

> each Acoumulators « 1 Press

1 Returmn
each 1/L" Hoses
each 1/2" Bolts for Trunnion Pins
sach 1/L" Hydraulic Fitting Caps
each 1/4" Hydrauliec Fitting Plugs
each SI 1966 Plugs to replace orifice poppets
each Set SI Drawings
each Model 31 Moog Servo Valve with Dust Cover
Sets "0" rings and back-up rings for SL 1960 Manifold
euch Drag Link Bolts (Attach to Steel Jig)

each Drag Link Bolts (for uttaching upper end to raal aireraft
airframe )
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n

each #6-32 Screws, approximately 2" long for instelling SL 1966 Plugs

10 each 1" I.D, Washers (Use 7) :

L each zZip Plastic Bogs '
1 each 1/16"Safety Wire Hook | b
1 each Roll Tape 7 ‘ .

" . 1 each Epoxy Kit:
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APPENDIX B E
.; A ! ‘ CIRCUIT DIAGRAM, ACTIVE SHIMMY CONTROL SYSTEM

3 \

3 l\

k. . Figure B=1 is an electrical circuit diagram for the final configuration

‘ \ ‘ of the active shimmy control system. All test instrumentation electronics

C are included, The Bridged~T notch filter added during the shimmy tests is

‘ _ also shown. An explanation of the functions of the various e¢ircuits is con-

\ tained in the section entitled, "ACTIVE SHIMMY CONTROL SYSTEM DESCRIPTION".
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AFPENDIX C
SHIMMY TEST TIME HISTORIES

Contained in this section are time history traces of selected portions of
the more pertinent shimmy tests. These plots were obtained by processing
the FM tape recording from the shimmy tests. Table C-1 summarizes the runs
presented. For the active system tests, only data for the final Bridged~T
noteh filter configurstion is shown, with the nominal feedback gain
(Kot = 0.7)s Only velocities of 80 mph and above are presented.
contains a description of the quaniities that are plotted for each run,

On the time history plots, the expression "FIELD RUN XX" refars to the
The expression "RUN XX" is for

Table C-2

shimmy ‘test run number shown in Table C=1,
Lockhaed reference only.
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TABLE C-1

PLOT SUMMARY
Ran Qear Gear ¥hesl Velocity,
NO. Configuration |} Position Backlash Imbaleance m.p.he
27 Pasaive Ext, Nominal 10 in-02 100
28 ) 120
31 ' 80
32 100
33 0 80
3l 100
35 v 120 !
39 Increased 8o
Lo 100
] ¢ v 4 120
153 Active Ext. Nominal 0 8o
156 100
159 l 120
162 10 in-oz 80
163 100
164 v 120
167 Inoreased 0 80
168 100
169 ¢ 120
172 10 in=~oz 80
1173 100
17h ¢ 120
177 Middle 8o
178 100
179 v 120
182 0 80
183 $ 1 100
L8k $ ¢ 120
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b | TABLE 0=2
£ o FLOT TIME HISTORY LESCRIFTION

Quantity Units _ Description
CMD* ' Inches Electricrl steering command signal expressed
in terms of actuator displacement
9 Aax Inches Actuator displacement
¥
| ) : .
DETKE'.EA/DU.‘2 rad/sec Axle angular acceleration sbout steering
axie
F | ' D THETA/DP rad/sec Axle angular velocity about steering axis
THETA rad Axle angular position about steering axis
5 ! Ar Pesode Actuator pressure differentisl

# This quantity plotted for active system mms only
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ATPENDIX D
ANALYTICAL MODEL EQUATIONS

This appendix contains the equations of motiom resulting from the analyti-
cal model of the Active Shimmy Comtrol Systea described in the main body of
the report. These equations arxe divided into two sectiome} initial condi-
ticns are the calculations performed only ¢nce per run involving quantities
independent of time, and the time varying equatioms involve quantities

that change with time.

With the Continuous System Mcdeling Program (CSMP) language used, tha
sequence of computations for the time varying equaticns is determined by the
translator which translates the CSMP program into a FORTRAN program for com-
pilation and execution, Therefore, the sequence of equations shown herein
hes no significance, It i appropriate to think of all these equaticna as
being sclved simultanecusly as they are on an analog computer,

Table D-1 shows a description of the CSMP special functions uwsed in the pro-

gran, The nomenclature for the equationa ia the sama as described in the
sectlon ANALYTICAL MODEL DESCRIPTILON,
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Initial Conditiona !

K V = B8B%12/60%VNPH !
PL = 3,14153265 |
Wl e M#386 j
MIH = MeIMH 1

IIMM = ITHWIPH-MIH*MLH

Time Varying Equations

IATACC = HMPHDD/386
MUNB = UNBIO®RIMWH((V/R)*#2)/32/386

1

{

| MIUNBL = MUNBMGIN(VTIME/R) g
M{UNBL = MUNB*SIN(V*TIME/R-FI/2) |
| FHDS = DEADSP(<DFH,DFH,FH) i

] MPH = KPH*FHDS ;

b MFHD = BPH*PID 1
Lo rg . MPH/H 3
i_f YR = ¥ delayed by Z#HS/V |
E oo} n =Y+ BGHIS~L-10 )*TH+ H+R)*FH )*v/80 'i
i ! i
'i FT w (YHYB42%( L+LG ) TH-2%( H+R)*FH J*KT 5
f MT = (Y-YB-2WHE#TH )#XM ;

P

ALT2 = AL-T2
ALT2D = ALD-T2D

by = THaT1

TIAL = Tl-AL

TIALDS = DFADSP(-DAL,DAL,T1AL)
TD8 = DEADSP(-DTH,DTH,TT)
D w  THD-T1D

T e— e, v v TR -

S R T L - PN
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TT1
TT1D
Al

THMDD

Xc
ALT2PP
ALT20

BRTAD
BETAD

BETA
ALlD
ALl

FX

. FKAL

FKAL
X1l
X10

X8
X7
X6
X5
Xh
X3
Xe
X1

T1-T2
T1b-T2D
AL=-ALL

( OMEGA##2 ) *CMFXPL(0,0,2ETAA, OMEGAA, THDD)
J#REALPL(O, . 1, THMDD)

+I#REALPL(O,.1, THMD)

GISMAL#THMDD

1EDIAG (F1,P2,XC)

ALTRPP

( ~BL+SQRT(ABS( BL*BL-4*BH*FKAL) ) ) /( ~2#BH) FKAL & ©
( -BL+SQRT(ABS( BL¥BLHI*BH*FKAL) ) ) /( +2#BH) FKAL 3 0

AL1-T2
BETAD+T2D
INTGRL(AL1O,ALLD)

KTH*TTDS
KALP*AT Pansive
K3*INTGRL (0., X1l1) Active
X9-X10-K6*FKAL

~K4#*ALT2D
XL#x8
SIGN(XT)#3QRT (ABS(XT))
X5-X6
K5*FKAL
K2¥LIMIT( -1/KR, 1/K2, X2)
ABS(X3)
LIMIT (-1,1,X2)
KL#OMEGAS*#2#CMEXPI{ 0,0,ZETAS ,OMEGAS, X1)
ALT2C + KT#ALT2




l. .
n v
by -
L., ) .
T 1 K
N . R
Y '
e K
i Bt
V. N
4 | fle
R g )
L b
A3

N E OP = CPL + OP2*ABS(PS)
SR CF = CFl + CF2+ABS(F8) | '

g PGP = INSW(TD,-CP,CP) - E
L ~ FOF = INSW(TIID,-CF,CF) | | %
FCA = INSW(ALTZD,-CA,CA) -
FKOC = KOCKTIALDS | o
FFUS = KI#T2 + BIWTZD o )

S BPH «I#V/RHTHD-WINLATHHIWHNEH +MFH + MPHD
N . =(HeR)#FT = (H+R)*FZMPHH L+LG Y*PZH#TH~ MXUNBL
STH = ISV/R*PHD +FK +FOP #L+LG)*PT-MI-MZUNBL

3 | 3

! g , :

| g‘ PHDD = (~ITHSPH~-MLH*STH)/IIMM 3
Co THDD = (-IPHMSTH-MLHWSPH)/IIMM 1

‘ TADD = (PCPHK-FCF-FKOC)/IMHL £
o 120D = (FCP+FCA+FKAL~FFUS)/ITH2 3
| AIDD = (FKOC~FKAL-FCA)/IAL 7.
PH = INTGRL(PHO,PHD) )

PHD = INTGRL (PHDO,PHDD) §
] ™ = INTGRL (THO, THD) !
& THD = INTGRL (THDO, THDD)
| T1 = INTGRL (T10, T1D) 1

™D = INTGRL (T1DO,T1DD)
T2 = INTGRL (T20, T2D)

™D = INTGRL (T2D0, TZDD)

: o AL = INTGRL (ALO, ALD)

AID = INTGRL (ALDO,ALDD)

Y = INTGRL (YO,¥D)

. .
: !
! 3
A
1 -4
1
\ ,| .
i !
L.
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TABLE D-1 CSMP SPECYAL FUNCTIONS

GENRRAL !‘ORM ) FUNCTION _
"¢ »INTGRL (1€, X) Y onuu e

) A

X 0= IC
v EQUIVALENT LAFLACE mm\.sroam g
A INTEGRATOR N
Y = REALPL (IC, P, X) PY +Y =X
3 Y (0 *iC .
| EQUIVALERT LAPLACE TRANSFORM: 5=
| 18T ORDER LAG (REAL POLE) v
a \ . ' . P
b Y * LEDLAG (P}, Py, X) Pa¥ + Y eP XX
F EQUIVALENT LAPLAGE TRANSFORM:
| PyS+1
| LEAD - LAG PyS *1
i " "
Y « CMPXPLIIC,, 'Cz' Pys Py X) Y +2p sz +PY " X
Y0 - iC,
Y () Ic,

EQUIVALENT LAPLACE TRANSFORM:
1

2ND ORDER LAG (COMPLEX POLE) 52 + ZPleS *+ Pg

i

Y = INSW (Xl. X2. X3) Y> Xz X1 < 0

INPUT SWITCH (RELAY) VX Xy 20

Y < UMIT iR, Py, X " F*V"?Pl T XeP ' Ry

Y- P, X>P, ado T2

LIMITER Y o X PySXSP, - |

. | Y DEADSP P, B 0 Y50 PSXSP, . ]\YP
- | YeX-P, X>P, l 4 <

E | DEAD SPACE VoK X<, Y|
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ki APPENDIX E Ny B
- ACTIVE SHIMMY CONTROL SYSTEM LINEARIZED ANALYSIS
R 1. Control Law Definition 4
. N
The following simplified schematic represents an electrohydraulic 4
SRR valve and actuator driving an undamped spring/inertis resonant system '3
BN with accelaration feedback. A
Electrohydraulic | Ko '
. Valve o
1 . e
; NN
. * K _
g ’ | Actuator ) 5
i‘ The block Alagram for this system is the following

4 ‘ . b
| ¢ ;
b 8 x Kp + J82 |
E. !

t.

»\ "
: i
e-
| The parameters and varisbles are defined as follows! {
¥ L
| Ky 18 the normalized Accelerometer-Electronics=Valve-Actuator .
“ gain in rad/rad/sec? é
i ,
[ ‘ Kp is the torsional spring stiffness in in-1b/rad

J is the torsional inertis in in-1b/red/secc

A x is the motuator rotution in radians 1
3

yj. Q@ 18 the gpring -~ inertia mode rotmtion in rudians A
Y 5
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The characteristic equation for the system is
l-KG K'a\;2
(—-7-- TprTee 1
T2 4 KgKgs 4+ Kp w O

2. 4 K@ 41 w0

Refs

2, 2ts + 1 = O
Wne 1@;

vhere
wn2 m }01‘
J
Ky wn
¢ 2

From the characteristic equation, it is observed that the wvalue of

Ky dlrectly controls the damping of the spring-inertia resnnant mode,
For the cuse of a resonant mode at 22 Hz or 138 radians, a Xg gain of
0,00725 provides a damplng ratio of 0.50.

The above simplified model and analysis served as o bosis for aselecw
tion of the accelerometer feedboeck configuration employed in the
active shimmy control systems Note that the tire dynamics are omitted
from the model which alters the resonant frequency only slightly,

and adds negative dumping under certain conditlons. The positive damp-
ing from gear friction is almo ignored.

2 Expanded Model

The simplir'ied model is expunded to inoclude accelerometer and vulvew
actuator dynamice,position feedbuck on the actuator for electrical
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steering and provisions for electronic compensation. This expanded
block disgram is shown in Figure E-1, Again, tire and gear damping are
not included in order to focus on the charactepistics of the active system,
The lumped inertia of the torsional mode (J) is selected as 0,7
in~1b/rad/sec?, based on laboratory measurements, The luuped spring
rate of the torsional mode (Kp) 1s 1,51 X lbh'in.1b¢/rad., producing an
undamped torsional frequency of 23,4 Hz or 147 radians/sec in agreement
with laboratory and dynamometer teét results. The accelerometer transfer
function 1s approximated by a second order system with an undamped re=
sonant frequency ( ¥n,) of 1000 rad/sec and damping ratic ( ¢y) of 0.8
to match laborgtory frequency responss test results,

It is inltially esssumed that the actuator dynamically produces an actuator
rate in proportion to valve flow sv that the combined valve and actuator
trangfer function can be approximated by the valve raeasponse characteris-
tics alone, This assumption ignores the valve flow rate degradation with
loaed pressure, the fluld compressibility and leakage effects, all of
vhich are of minor importance for the conditions tested, Using the
supplier's data,the valve transfer function is approximated by a second
order system with an undemped resonant frequency (Wyy) of 1000 rad./sec.
and a damping ratio ( fy) of 0.65.

The root locus for this system with no compensation snd a nominal posie-
tion loop gain (Km,) of 82 is shown in Figure E-2, It is observed that a
Kg of 0,0063 (corresponding to K, = 1, where K, 1s the feedback gain
purameter used during the shimmy tests) yields u modified torsional

mode frequency of 16 Hz with a damping ratio of 0.42, while the next
higher frequency mode created by the active syster . /7 Hz) has a damp-
ing ratio of 0.62, 'The system galn margin is L {at Kg »0.0252, the

67 Mz mode has increased to 83 Hz with O damping). Excellent response
and dumping characte:lstics are obtalned with this conf'iguration.
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TS

Aatuator
Quadratic

Gedn Kq
2 0 g 5
2 0.0031%
3 00063 - .
L 0.,0126
5 04025

1200

B>r = 1650 teoul2
br = 67 Ex tw0.62

L}
L B =m0 :
Mode Created by 5
Active Gystem B §
2 400
Accelerometyy
Quadratic
.Structure.l
Torsional
Mode
=1200 =800 0
Real Axis
FIGURE E«2 -~ ROOT IOCUS OF LINEARIZED ACTIVE SHIMMY SYSTEM MODFL AS

A TUNCTION OF Kq
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3

Mndel Refilnement and Correlation with Experimental Test Results

lisboratory tests on the breadboard system indicated trat the steering
actuator characteristics produced scme degradation in dynamic response

of the combined valve and actuator as compared to the originsl estimates,
The predominant sources of thio degradation were not specifically identi-
fied but include such factors as dynamic seal leakage and stiffness,
mounting stiffness, and hydraulic line and port characteristics. To

‘approximate the high frequency dynamics measured in the laboratory, the

velve and actuator quadratic in the active system model was modified to
a resonant frequency (wny)of 750 rad./sec. with a dmping ratio ( by)
of 0.65-

During dynamometer testing at Wright Fleld, a structursl mode at epproxi=-
mately 180 Hz was observed in the response data which was amplified by the
active system with Kg gains as low 0.00189, A 5.1k to 1 bridged-T elec-
tronic compensation network was added to the active system to attenuate
this mode by essentislly replacing the mode by two real poles with the
same undamped resonant frequency. This compensation network has the
following transfer function, which is shown plotted in Pigure E-3.

2 . _2W vh w 1127 rad./sec.
‘E;:E' _a;;,a + 1 ere n, 7 rad./sec
En = 0.257
2 ¢
s + 20D g+ 1 tn
st v - ll 2
“hcg Wy 3

The addition of these modifications to the block dl gram shown in

Flgure E=1 produces a simplified lineer approximation to the final
configuration actually tested on the Wright Fleld dynsmometer,

The root locus for this refined system model i1s shown in Flgure E-k,
The locus 1s baused on the assumption that the compensation network
nunerator quedratic effectively cancels the structural mode quadratic

leaving the compensation network denominator quadratic in the resulting
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and Acguator

kQ\wdri.c
- 600

Point] Gatn Kq

1 0

2 0,00189 Structural
3 0,00315 Torsional
L fO,00kk1 _

. Mode
s 10,0063
6 0.0126

br » 38lEz ¢ =0.36
bf - 18|He Ew0. 54 I
br « 53| He ¢w0.01

Axis

200

A CE T

oo

Position
2 lLoop

&] ' 1600 =800 -?o-o -hoo'{ -200 0

Real Axis

=TT

i
i FIGURE E-4 = ROOT LOCUS OF REFINED ACTIVE SHIMMY SYSTEM MODEL A8 A
FUNCTION OF ICG
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B 1

system modal.

P | The loous indicates that the Ky selected for the final dynemometer
., S runs (0.,004k1) is near optimum (meximum damping) and modifies the
T torsional mods'to a damped netural frequency of approximate 36 He
S (compared to about 32 Hz observed in tests) with a damping ratio of
0,36, The lower frequency mode created by the active system for this ‘ .’j
: value of Ky has & damped natural ,rreqﬁonoy of 18 He (16 He ocbserved) i
N T with e demping ratio of 0.54s The locus further indicates that the
R system has n gain margin of slightly greater than 3 and wiil g0 W=
stable at a frequency of approximately ‘)'Ei Hze A2l of thess results .
- | e correlate well wlth the actual dynemometer test results, particularly
3 considering the degree of simplification associated with the linearized
analytical model,
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